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PREFACE 
This thesis is divided into two parts. The first part describes 
the synthesis and X-ray investigation of large single crystals of 
high-pressure phases. Certain crystalline compourds and structure 
types are possible models for minerals occurring deep within the 
Earth's mantle. They include stishovite, Si02 , and the analogue 
compounds sc2si 2o7 pyrochlore and ScAI03 perovskite. 
The growth of sizeable crystals (> 100µm) of these phases has 
important implications for both geophysics and mineralogy. 
Previously, the measurement of physical properties, such as acoustic 
velocities of mantle phases, was restricted to polycrystalline material. 
The synthesis of large single crystals by the author has enabled 
other researchers to determine the elastic constants of single crystal 
stishovite (Weidner et al., 1982) and the charge density surrounding 
the silicon and oxygen atoms (Hill et al., 1981). In the present 
study, single crystal X-ray analyses of the high-pressure phases are 
reported. Results generally support earlier powder X-ray diffraction 
structure refinements, but are more precise and, for one compound 
(ScAI03), reveal new structure features. The new data for ScAI03 
perovs kite confirms that the phase crystal I izes in the centrosymmetric 
space group Pbnm, and show that the AI0 6 octahedra are more 
regular than had been deduced by powder methods. These findings 
are used as evidence in support of a centrosymmetric structure for 
the lower-mantle phase MgSi03 perovskite, which may have 
significance for ferroelectric-like phenomena 1n the Earth's lower 
mantle. 
The second part of this thesis is concerned with particular 
crystal chemical aspects of minerals and phases which are used in 
IV. 
SYN ROC, a synthetic rock designed by Professor Ringwood and 
colleagues at the Australian National University, Canberra, for the 
immobilization of high-level nuclear wastes. In the course of 
development of the SYN ROC process, it became evident that there was 
a major lack of information about the crystal chemistry of specific 
SYN ROC phases. As a result, several projects were initiated and 
these are documented in Part 11. 
First, detailed structure analyses of synthetic and natural 
hollandite-type phases and natural zirconolite and calzirtite minerals 
were undertaken. New information revealed by these analyses, 
especially in re[ard to the hollandite-type structure, has provided a 
better understanding of the crystal chemical behaviour of these 
phases. Second, effects of nuclear radiation on the crystalline 
structures of a suite of naturally-occurring perovskite and zirconolite 
minerals have been investigated systematically with the aim of 
elucidating the progressive changes accompanying radiation damage 
and consequent metamictization. Third, the extent of solid solution of 
uranium, thorium and several other elements, in both natural and 
synthetic zirconolites, was determined. 
Although the topics studied 1n the two parts of this thesis 
appear, on the surface, to be unconnnected, they are in fact related 
closely in a number of ways. Under high pressure and temperature, 
ScAI03 crystallizes 1n the orthorhombic perovskite structure. In 
SYNROC, the mineral perovskite 1s one of three phases used to 
immobilize the radioactive waste elements. Further, the pyrochlore 
modification of sc2si 2o7 1s related to calzirtite and zirconolite. 
Pyrochlore is derived from the parent CaF 2 structure by ordering of 
the cations 1n fluorite-type positions and loss of 8 oxygen atoms. 
The cations 1n calzirtite occupy fluorite-type positions in a tetragonal 
cell. Sixteen oxygen atoms are lost from the original fluorite lattice, 
which as a percentage (11.1%) 1s slightly less than that found for 
pyrochlore (12.5%). Zirconolite 1s also an anion deficient 
fluorite-related phase. Titanium atoms in this structure bond with 
oxygen to form sheets of octahedra. These share corners in the 3-
and 6-membered ring arrangement found 1n (111) planes in 
pyrochlore. Finally, the synthetic hollandite-type phase crystallized 
V. 
in SYNROC formulations has, as its basic unit, the rutile (stishovite) 
structure. When these units are connected, channels are formed with 
accommodate large univalent and divalent cations such as potassium 
and barium. The hollandite structure-type is also adopted by the 
feldspar minerals at high pressures and temperatures. 
All chapters, with the exception of the first and sixth, are 
presented 1n manuscript form. Chapters three, four, seven, eight, 
nine and ten are based on papers which have been either published 
or are accepted for publication. These papers were written 1n 
conjunction with several authors whose contr.ibutions were mainly of a 
supervisory nature. 
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ABSTRACT 
PART I 
Xl • 
Part of this thesis 1s concerned with the high pressure 
synthesis and X-ray structure investigation of phases important as 
possible models for minerals occurring within t:he Earth's mantle. 
Large single crystals (,_,250 µm) of stishovite, Si02 , have been grown 
at ,_,9.0 GPa using a large scale Bridgman anvil type apparatus. The 
crystal structure has been refined using 238 independent reflections 
to a final R of 0.024 (R = 0.027). The structure is tetragonal, 
w 
space group P42/mnm with cell d ·imensions a = 4.1772(7) and c = 0 
2.6651(4) A. The positional parameters are in good agreement with 
those reported from powder data. However, temperature factors for 
Si and O are much smaller than usual values for the tetrahedral 
arrangement. 
Single crystals of ScAI03 perovskite 
3.5 GPa pressure using lithium fluoride 
have been synthesized at 
as a flux. The crystal 
structure has been refined using 498 reflections to a final R value of 
0.028. Unit cell dimensions are a = 4.9355(3), b - 5.2313(3), c = 
0 
7.2007(5) A, with space group Pbnm. The structure differs slightly 
from a previous powder refinement, resulting in less distortion of the 
aluminium octahedron. The space group confirmation and the more 
regular octahedron are used as evidence 1n support of a 
centrosymmetric structure for the lower mantle phase MgSi03 
perovs kite. 
Crystals of Sc2si 2o7 pyrochlore were grown at 9.8 GPa and 
1250°C using LiF as a flux. The structure has been refined to a 
final R of 0.038 (R = 0.025) for 60 intensities. The structure 1s 
W O 
cubic, space group Fd3m with a = 9.284(1) A. The results generally 
support a previous X-ray powder structure refinement. 
ABSTRACT 
PART II 
X 11 • 
In part 11 of this thesis, crystal chemical aspects of phases and 
minerals used in SYN ROC, a proposed titanate ceramic for 
immobilizing high level nuclear wastes, have been investigated. 
The crystal structure of a synthetic hollandite-type phase 
(Ba_ 98ca_ 03zr_ 02 ) (Al 1 _10Ni_ 48Ti6 _4 )o16 has been refined using 624 
reflections to a final R value of O. 059 for the 22 variables involved. 
The structure is tetragonal, space group 14/m with cell dimensions of 
0 
a= 10.039(1), c = 2.943(1) A, and Z = 2. The large A cation 1s 
0 
surrc...Jnded by 8 oxygens, 4 at a distance of 2. 787 A and 4 at 3.126 
0 
A. ·rhese atoms form a cage-like framework around the 4(e) site 
which effectively immobilize atoms such as Cs, K, Rb and Ba when 
used SYNROC. Results of solid state preparations of 
BaxAl 2x Ti8_2xo16 show a large range of x, varying from 0.3-1.2. 
The crystal structure of priderite, (K1 . 2Ba0 . 4 )-
(Ti6. 7Mg0.2Fe1.1)o16, has been refined to a conventional R factor 
of 0.052 for 987 observed reflections. Priderite is isostructural 
with hollandite. The large cations ( K, Ba) occupy a range of 
positions within the tunnels of the structure. Potassium 
predominantly occupies the central site at (0,0,0.5) and Ba occupies 
the off-centred site 4(e) (0,0,±z) with z = 0.327(6). 
Zirconolite (CaZrTi 2o 7 ) and perovskite (CaTi03 ) are used 1n 
SYNROC to immobilize the radioactive actinide elements present in 
high level nuclear wastes. Natural samples, containing U and Th, 
have been studied by X-ray diffraction and electron microscopy to 
examine the effects of alpha irradiation. The results show that 
. 19 
z1rconolites remain crystalline up to alpha doses of 2x10 a/gm. This 
dose would have accumulated in a SYNROC zirconolite containing HLW 
Xiii . 
after 106 years storage. X-ray powder patterns of perovskite show 
18 that the lattice 1s unaffected by alpha doses of 2.6x10 a / gm. 
Density changes for these minerals are small, ranging from 1 to 3%. 
The crystal structure of zirconolite from Kaiserstuhl, W. 
Germany has been refined using 949 independent reflections to a final 
R value of 0.052. The structure 1s monoclinic, space group C2/c 
0 
with cell dimensions a= 12.431(1), b = 7.224(1), c = 11.483(3) A, f3 
= 100.33(1) 0 and Z = 8. The results from this study show that the 
crystal lattice has suffered only minor damage due to an accumulated 
radiation dose of 1.2x1018a/gm from the decay of natural uranium and 
thorium contained within the mineral. The most significant change is 
the increase (2-3 times) in the temperature factors. The high values 
of these parameters are interpreted to be the direct result of the 
action of alpha-recoil. 
2+ The solid solution limits of U, Th, REE, Al, Fe , Mg, Nb and 
Mn in zirconolite have been explored experimentally. New analyses on 
natural zirconolites show that they contain up to 23 wt % Tho2 + uo2 
and 9 wt % REE. These elements partition into the 8-fold Ca-site. 
Uranium, in synthetic zirconolite, can substitute for zirconium in the 
7-fold Zr-site to limits of 13 wt % uo2 . Higher uo2 contents (,,,27 wt 
%) can be achieved when a small divalent cation e.g. Mg 2+ enters the 
Ti-site and U enters both the Ca- and Zr-sites. In contrast · Th, of 
larger ionic radius, is reluctant to enter the Zr-site, but readily 
substitutes for Ca. Ch-arge balange on the Ti-site is corrected by 
suitable amounts of smaller cations e.g. Mg 2+. Zirconolites with 20 wt 
% Th02 can be synthesized 1n this manner. The behaviour of 
trivalent actinides 1s modelled by an intermediate REE such as 
samarium. Experiments have shown that zi rconol ites with up to 27 wt 
% Sm2o 3 can be produced. Samarium enters both the Ca- and 2+ Zr-sites. The smaller cations, Nb, Al and Fe , readily occupy the 
Ti-sites when coupled with REE or Th entering the 8-fold site for 
charge balance. Zirconolites with 13.6 wt % Nb2o 5 , 6.5 wt % Al 2o 3 
and 4. 4 wt % FeO were synthesized. Manganese replaces Ca in the 
8-fold site. Zirconolite solid solutions with ,,,5 wt % MnO have been 
produced. 
XlV. 
The crystal structure of calzirtite, Ca 2zr5 (Ti 1 . 5Nb. 29 Fe . 18 )o16 , 
has been refined to an R value of 0.040 (R = 0.047) using 1327 
w 
observed intensities. Cell parameters are a= 15.094(2) and c = 
0 
10.043(2) A. Space group 141/acd, Z = 8. The cations occupy 
fluorite-type positions in the tetragonal cell. Ca and 1/5th Zr are 
eight-coordinated by O, Ti(Nb,Fe) occurs in octahedral coordination 
with O, while the remaining Zr randomly occupy one of two sites 
0 
0.539(1) A apart within a distorted cube of oxygen. Corner-linked 
Ti(Nb, Fe) octahedra form chains which zig-zag parallel to c. 
PART 
CRYSTAL CHEMISTRY AND STRUCTURE 
OF HIGH PRESSURE PHASES 
CHAPTER 1 
INTRODUCTION 
1 . 
Seismic wave velocity distributions with depth have shown that 
the Earth's mantle can be divided into (i) the upper mantle, 
extending to 400 km depth, (ii) a transition zone from 400 to 1000 km 
and (iii) the lower mantle, extending to a depth of 2900 km. Birch 
(1952) proposed that ferromagnesian silicates would transform to new 
phases, "probably close-packed oxides", between 200 and 800 km 
depth in the Earth's mantle to explain the seismic velocity profiles 
observed for this region. Specifically, he suggested that pyroxenes 
would transform to the corundum structure and silica to the rutile 
structure. At that time, apparatus capable of generating pressures 
necessary to test Birch's hypothesis (>13 GPa) were unavailable. The 
work of Bridgman (1949) however, had shown that many compounds 
would undergo polymorphic transitions involving rearrangement of 
atoms when subjected to high pressures. During the period 
1956-1965, Ringwood and co-workers developed and used indirect 
methods 1n support of Birch's hypothesis. These methods utilized the 
crystal chemical relationship between germanates and silicates and 
were successful in predicting many silicate polymorphic transitions. 
Furthermore, Sti shov and Popova ( 1961) synthesized sti shovite, the 
rutile polymorph of quartz, demonstrating the increase of silicon 
coordination from 4-6 under very high pressures (>10 GPa). 
Following this period, Ringwood and Major, and Liu in Canberra, and 
Akimoto and co-workers 1n Japan, were able to prove Birch's 
hypothesis by the direct synthesis of high pressure silicate phases 
that occur within the Earth's mantle. The results of their wo rk have 
been discussed in detail by a number of authors (Ringwood, 1975, 
1977; Anderson, 1977; Liu, 1977, 1979) and are summarized below. 
2. 
UPPER MANTLE 
The seismic velocities in this region generally have low gradients 
with a pronounced minimum 
of partial melting ('.::1%) is 
velocity minima. Average 
in the low velocity zone. A small degree 
generally thought to cause the observed 
-1 
velocity values (8.0-8.2 km sec ) and 
calculated densities for this region are consistent with an uppermost 
mantle dominated by olivine, pyroxene and garnet. Peridotites are 
the most common xenoliths brought to the Earth's surface by magmas 
of mantle origin, such as kimberlite and alkali basalt, and are 
composed of olivine, orthopyroxene with lesser amounts of 
clinopyroxene, spine! and garnet. However, these rocks are too 
refractory to produce the large volumes of basaltic magma erupted at 
the surface of the Earth. Thus, Ringwood (1962), derived a model 
mantle composition termed 11 pyrolite 11 which, on partial melting, has 
the capacity to yield basaltic magma and residual refractory 
peridotite. This model composition has been found to be consistent 
with a variety of upper mantle velocity distributions (Anderson et 
al., 1972; Ahrens, 1973). The maJor elements of the dominant 
mantle minerals consists of :ixygen, silicon, magnesium and iron, with 
minor amounts of aluminium, calcium, chromium and sodium. 
TRANSITION ZONE 
This region ts characterized by high velocity gradients with two 
major seismic discontinuities occurring around 400 and 650 km depth. 
These discontinuities can be explained in terms of phase changes of 
pyrolite with increasing pressure. There is general agreement that 
the 400 km discontinuity is due mostly to Mg2Sio4 olivine transforming 
to a distorted spinel structure (f3-phase) involving an 8.3% density 
increase and the 650 km velocity increase is due to both Mg
2
Si0 
4 
spine! and garnet transforming into a mixture of MgSi0
3 
perovskite 
plus MgO rocksalt and MgSio3 .A1 2o 3 ilmenite respectively. Thus, the 
650 km region represents an increase to six-fold coordination of Si. 
The intervening mineralogy has been summarized by Ringwood 
(1977) and Liu (1977, 1979). Pyroxene gradually dissolves into the 
garnet structure with increasing depth in the upper mantle. Below 
the 400 km discontinuity f3-spinel and garnet are the maJor 
components and between 570 and 650 km the f3-phase transforms to a 
3. 
true spine! structure. It is interesting to note that in the presence 
of a small amount of Al 2o 3 (>4 wt.%) the high pressure phases 
~-Mg 2Si0 4 + stishovite and Mg 2Si0 4 spine! + stishovite displayed by 
MgSi03 pyroxene do not exist. At about 750 km the ilmenite phase of 
the garnet transforms to the orthorhombic perovskite structure. Liu 
and Ringwood (1975) have shown that CaSi03 cubic perovskite is 
stable at approximately 16.0 GPa. CaSi03 in this region would occur 
as a component in a garnet solid solution and therefore, Ringwood 
(1975) suggests that a higher pressure is needed for transformation 
to the perovskite phase. Hence the depth for this transformation 
would occur around the 500-550 km region and could partially account 
for the high velocity gradient observed in this zone. Results from 
static high pressure experiments of Na-bearing phases, albite, jadeite 
and nepheline, show hollandite, calcium-ferrite type structures and 
jadeite to be stable between 20 and 24 GPa (Liu, 1978a). At greater 
pressures the calcium-ferrite modification remains stable and is the 
most likely host for Na in the lower mantle. 
LOWER MANTLE 
Anderson (1977) has suggested that an increase of iron content 
is needed in order to satisfy the densities and elastic parameters of 
the low,~r mantle. Moreover, he proposes the lower mantle be 
composed of an assemblage of mixed oxides (rutile and rocksalt) as 
suggested by Birch (1952). Disproportionation of olivine and 
pyroxene into mixed oxides, reported by several authors (Ming and 
Bassett, 1974, 1975; Kumazawa et al., 1974; Basset and Ming, 1972) 
gave support to this conclusion. More recently, Liu (1976a), Ito and 
Matsui (1978) and Yagi et al. (1978) have shown that olivines, 
garnets and pyroxenes transform to perovskite and rocksalt phases, 
(MgFe)O, at around 27 GPa pressure. If the mole fraction of FeSi03 
1n (MgFe)Si03 perovskite exceeds 0.2, then stishovite 1s also 
stabilized 1n addition to (MgFe)Sio3 perovskite solid solution and 
magnesiowustite (Liu, 1976a; Yagi et al., 1979). The density of 
these phase assemblages are a few percent higher than the mixed 
oxides, and thus satisfies the density increase without an increase of 
iron. The properties of such perovskite + rocksalt mixtures have 
been calculated by Watt and O'Connell (1978), who show that it is 
possible to satisfy densities, compressional and shear velocities for 
seismic models of Jordan and Anderson (1974) and Dziewonski et al. 
4. 
(1975) from 700-1200 km using a model mantle composed of oliv in e, 
pyroxene and peridotite stoichiometries (see also Jackson, 1982 ) . 
Thus, they conclude there is no need for an increase in iron content 
below 670 km in agreement with Ringwood (1970). At even greater 
depths, Liu (1978b) suggests that MgSi03 perovskite + periclase may 
react to form Mg 2(MgSi 2 )o7 sodium titanate phase and MgSi03 . Al 2o3 
perovskite + periclase to give Mg 2(Al 2Si)07 . 
MOTIVATION FOR HIGH PRESSURE CRYSTAL SYNTHESIS 
The minute sample (a few micrograms) recovered from static high 
pressure experiments greatly restricts the amount of data gained from 
the high pressure phases. If more information about the physical 
properties of the high pressure minerals is to be obtained, large 
(>0.1 mm) crystals are required. 
The synthesis of single crystals of high pressure 
many implications for both geophysics and mineralogy. 
phases has 
Important 
among these is single crystal analysis. A ratio of at least 6 measured 
X-ray reflections per variable parameter is desirable for an accurate 
analysis. In the perovskite structure, probably the most important 
structure 1n the lower mantle, there are 12 parameters to be varied 
with all atoms isotropic and 28 parameters when the atoms are 
considered to vibrate aniss>tropically. Therefore, the least number of 
reflections required is greater than 72, about twice the number that 
has previously been used to refine both ScAI03 and MgSi03 
perovs kite. The perovs kite structure has other important 
crystallographic properties discussed in Chapter 4. 
Weidner et al. (1975) have measured acoustic ve locities for very 
small crystals of quartz using the phenomenon known as Br illouin 
scattering. They found that the results obtained agree to within 1-2% 
with measurements from ultrasonic techniques. Furthermore, Weidner 
and Carleton (1977) determined the elastic constants of coes ite, 100 
µm in dimension, from Brillouin scattering measurements. With the 
synthesis of stishovite crystals of similar size, the elastic constants of 
a compound, 1n which Si 1s six-fold coordinated, has now been 
obtained. The results are presented in Weidner et al. (1 982). 
Determination of charge densities surrounding at om ic s ites 
requires the measurement of all equivalent reflect ions to as large a 28 
5. 
value as possible (> 120°). In order to obtain an adequate peak to 
background ratio for reflections at high diffracting angles, crystals 
with dimensions greater than 100 µm are usually necessary. Gibbs et 
al. (1978) have reported the results, in abstract form, of charge 
density studies for coesite. These authors found that the net 
charges on Si and O are 1n the vicinity of +1.0 and -0.Se 
respectively. A similar analysis on single crystal stishovite 1s 
desirable in order to ascertain the changes, if any, in ionic charge 
associated with the increase in bond length and coordination number 
of oxygen and silicon. The availability of suitable sized crystals of 
stishovite has recently permitted Hill et al. (1981) to undertake 
charge density studies on this phase. 
The ability to carry out single crystal analyses under 
hydrostatic pressure enables measurements of structural parameters 
under conditions more appropriate to the interior of the earth. 
Analyses so far have been carried out on common minerals. With the 
synthesis of stishovite and sc2si 2o7 pyrochlore crystals in which Si 
1s 1n six-fold coordination, crystal structural properties of these 
phases can be studied under pressure. Stishovitc seems an obvious 
first choice. 
In the first part of this thesis, Chapter 2 describes the 
apparatus used to produce the high pressure phases~ Chapters 3, 4 
and 5 outline the details of the synthesis and X-ray structure 
refinements of the high pressure phases, 
perovskite and sc2si 2o7 pyrochlore respectively. 
stishovite, ScAI03 
6. 
CHAPTER 2 
DESCRIPTION OF 
HIGH PRESSURE - HIGH TEMPERATURE APPARATUS 
* High pressure crystals (~ 100 kbar ) , studied 1n the following 
chapters, were grown 1n a large scale version of the apparatus 
described by Nishikawa and Akimoto (1971). The opposed Bridgman 
anvil arrangement (Fig. 1) is capable of generating high pressures 
(110 kbar) over samples of 15-20 mg. A furnace system 1s placed 
between the faces of the anvils and temperatures greater than 1000°C 
can readily be reached. Temperature is monitored by means of a 
thermocouple placed in coni.act with the sample under pressure. 
ANVILS 
Bridgman anvils made _of Kennametal tungsten carbide K-68 are 
used. These anvils are ground with a 30° taper forming a truncated 
face at one end 1. 5 inches in diameter and the height and diameter of 
their cylindrical part are 1. 95 and 1. 9 inches respectively. The 
cylindrical part 1s also ground with a small taper on the outer 
diameter and together with an enclosing shim, are forced into two 
supporting rings made of Bohler U.S. ultra hardened steel. 
Supporting rings are surrounded by a safety ring of mild steel g1v1ng 
an overall diameter of 7.0 inches. Repeated use at high pressure and 
very high temperature causes the anvils to dish in the centre, but 
they are easily reshaped by shallow grinding. 
CELL ASSEMBLY 
The cell assembly (Fig. 2) which sits between the opposed anvi ls 
consists of two sets of pyrophyllite concentric rings. The large outer 
ring is 0.18 inches thick and is prefired to 850°C for 2 hours. The 
* 10 kbar = 1 GP a 
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Fig. 2. High pressure-temperature cell for use with 
1.5 inch Bridgman anvils. 
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sample is contained within the inner ring (0.3 inch outs ide diameter 
and 0.16 inch inside diameter) and is covered above and below by two 
0.002 inch thick graphite heaters which 1n turn are enclosed by two 
pyrophyllite disks. Power is supplied to the sample through thin 
platinum electrodes, moulded into the cell shape. Pt/PtRh 10 
thermocouple leads are fed through two oppositely drilled holes in the 
side of the gaskets. Thin grooves of 0.25 inches long are cut into 
the outer gasket along the drilled holes 1n order to stop pinching and 
stretching of the thermocouple wires. Cooling 1s effected by 
continually passing water through jackets tightly fitted to the safety 
ring. The sample is sealed in a cylindrical platinum capsule (0.09 
inch outside diameter), and can be placed vertically or alternatively 
flattened and placed horizontally within the inner pyrophyllite ring. 
Input power supply and thermocouple can be connected to a portable 
controller with facilities for ra1s1ng and lowering the sample 
temperature at a desired rate. This 1s important for the growth of 
single crystals where cooling rates of around 5°C/min are used. 
Samples can be maintained under high pressure for long pe riods of 
time (up to 1 hour) although the anvil life-span decreases with 
increasing pressure and run time. 
PRESSURE CALIBRATION 
The pressure generated within the eel I below 100 kba rs, wa s 
calibrated at room temperature using the resistance changes in Bi, Ba 
and Sn. The pressure scale recommended at the Symposium on The 
Accurate Characterization on the High-Pressure Environment - U.S. 
National Bureau of Standards, October 1968 (Lloyd, 1971), was 
employed. The values are: 
Bi 
Ba 
Bi 
Sn 
- 11 
- 11 
111 - V 
25.5 kbars 
55 kbars 
77 kbars 
96 kbars 
At higher pressures, the values given by 
high Ba (mean = 120 kbars) and Pb (mean -
Drickamer (1970) for 
130 kbars) transitions 
applied load and cell were adopted. The relationship between 
pressure is plotted in Fig. 3. 
560 Pb 130Kb 
Co-St transition l 480 en Ii z 
0 400 I-
I 
C 320 a -y transitio~ <( 
0 in Fe2Si04 
_J 240 \ :E 
<C 
a: 160 
Bi 25.5Kb 
80 J 
0 20 40 60 80 100 120 140 
MEAN CELL PRESSURE - KBAR 
Fig. 3. Pressure calibration curve for 1.5 inch diameter Bridgman 
Anvil at room temperature. The calibration curves at 1000 and 
1200°C are also illustrated. 
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The cell was also calibrated at high temperatures using the 
olivine-spine! phase boundary curve of Fe2Sio4 (Fig. 4) and the 
coesite-stishovite transformation (Fig. 5) (Akimoto et al., 1977). The 
high temperature corrections for 1000°C and 1200°C, plotted in Fig. 
3, are found to deviate significantly from the room temperature 
calibration. 
Pressure and temperature distributions within the cell assembly 
were not investigated. However, an indication of the variation of 
these parameters across the cell, may be gained from the results of 
Nishikawa and Akimoto (1971). These authors show that for the 
smaller one inch cell assembly, pressure and temperature changes 
were several percent at the high Bi transition and 20-30 degrees at 
"'1000°C respectively. These values may not be valid in our assembly 
when the capsule is placed vertically within the 1.5 inch gasket, 
because of the larger diameter (0.16 vs. 0.12 inches) of the sample 
space. 
RUN PROCEDURE 
The sealed Pt capsule, graphite furnace, thermocouple, Pt 
electrodes and small pyrophyllite components are inserted 1n the 
gasket. The whole assembly is coated in Fe2o 3 to enhance surface 
friction and then placed on the bottom anvil. The top anvil 1s 
positioned directly above and lowered onto the gasket. Pressure 1s 
applied to the upper anvil via an uniaxial hydraulic press capable of 
a 1000 ton load. When the desired pressure is reached, the graphite 
furnace is heated by an a.c. current to the correct temperature. 
After the run, the power is decreased at a preset rate to zero and 
the water supply left on for a further 15 minutes before slowly 
bleeding off pressure overnight. 
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CHAPTER 3 
SINGLE CRYSTAL ANALYSIS OF THE STRUCTURE 
* OF STISHOVITE 
INTRODUCTION 
9. 
Stishovite is a high pressure polymorph of silica. It possesses 
the rutile structure with a density of 4. 28 Mg/m3 and is characterized 
by six-fold coordination of silicon by oxygen. Previous structural 
studies (Stishov and Belov, 1962; Preisinger, 1962; Baur and Khan, 
1971) of sti shovite have been based upon the use of powder 
diffraction data. However, complete definition of its crystal structure 
requires single crystal studies. Accordingly, we have undertaken a 
program to synthesize single crystals of high pressure phases. We 
report here the successful synthesis of single crystals of stishovite 
up to 250 µmin length, and describe its crystal structure. 
The high density of stishovite is a consequence of its octahedral 
coordination of silicon, in contrast to most known silicates in which 
the silicon atoms are tetrahedrally coordinated. Stishovite was first 
synthesized (Stishov and Popova, 1961) at high pressure, above 10 
GPa, and soon after was discovered (Chao et al., 1962) naturally in 
an impact breccia from Meteor Crater, Arizona where it has been 
formed under the extremely high shock pressures generated by the 
fall of the Canon Diablo meteorite. Its crystal chemistry is of 
considerable importance 1n connection with interpretations of the 
structure of minerals which occur at great depths (>600 km) in the 
Earth 1s 
region, 
mantle. Under the 
the common minerals 
very 
of 
high pressure existing 1n this 
the upper mantle transform to 
assemblages of very dense high pressure polymorphs characterized 
also by six-fold coordination of silicon (Ringwood, 1975; Liu, 1977). 
Furthermore, if the mole fraction of FeSio3 in (MgFe)Si03 perovskite 
* Sinclair, W. and Ringwood, A.E. (1978). Nature, 272, 714-715. 
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exceeds 0.2 1n the lower mantle, then stishovite, together with 
(MgFe)O and (MgFe)Si03 perovskite solid solution, is stabilized. 
HIGH PRESSURE CRYSTAL SYNTHESIS 
The sample of stishovite studied was crystallized using the large 
scale Bridgman anvil-type apparatus as described in Chapter 2. The 
starting material was A. R. grade Mallinckrodt Silicic acid to which 40 
percent of water was added as a flux. These components were sealed 
1n a platinum capsule and held at approximately 9.0 GPa, and a 
temperature of 1150°C, for 45 minutes, after which the charge was 
quenched and cooled to ambient temperature and pressure was 
released. When the capsule was opened many clear euhedral crystals 
of the rutile polymorph, bounded by (110) and smaller (111) faces, 
and coesite were obtained, ranging in size from 10 to 250 µm. 
The temperature reported by Sinclair and Ringwood (1978) 1s 
now thought to be incorrect. The new value quoted above, has been 
derived from the coesite-stishovite calibration curve (Fig. 5; Ch. 2) 
at a load of 400 tons. Large single crystals of stishovite were a ' so 
synthesized at the same pressure and 900°C. 
temperature was monitored by a thermocouple. 
CRYSTAL STRUCTURE ANALYSIS 
In this run, ~he 
Unit cell dimensions were determined from a number of very h igh 
angle reflections having 28 values between 125 and 142°. Crystal 
data are given in Table 1. 
TAB LE 1 
Crysta I data for sti shovite 
Tetragonal, P 42/m 21/n 2/ m (No. 136) 0 
a = 4. 1772(7), c = 2. 6651 ( 4 )A 
V = 46·. 50(2)A3 , Z = 2 
D - 4. 28 Mg m - 3 
C 
A small crystal with dimensions O. 05 x O. 05 x O. 10 mm was 
selected for data collection. Preliminary investigations to check for 
crystal singularity and space group were made using precess ion and 
11 . 
Weissenberg X-ray photographic techniques. The intensity data were 
recorded on a computer control led Supper equi-incl ination 
diffractometer by the w-scan method (Freeman et al., 1970). 
Background counts each of 40 seconds duration were measured on 
either side of the peak. Scanning width varied as reflections of 
upper level low 28 angles were found to be much broader than those 
with high 28 values. Very strong reflections were repeated both 
attenuated and with wide scans. Reflections from four levels along 
the a-axis, (0-3) kl, were collected, at which point the crystal was 
remounted with the c-axis as rotation axis. Three levels, hk(0-2), 
along this axis were collected. 
Data reduction was carried out using the following procedure. 
The intensity I ( h kl) of a reflection and its variance a( I) were given 
by the fol lowing expressions: 
1: 
a[l(hkl)] = (P + B1 + B2 ) 
2 
where P 1s the integrated · peak count and B1 and B2 are the 
background counts. The intensities were then corrected for Lorentz 
and polarization effects. No ~bsorption corrections were applied. 
The structure factor amplitudes, F , and their standard deviations 
0 
a1 ( F 0 ) were calculated from the following equations: 
1: 
F - (I/Lp) 2 
0 
The data sets recorded about the two rotation axes were brought 
to a single scale by the least squares method of Rae (1965), in which 
a relative scale factor is found for each layer. 
The scale factors did not differ greatly from one another, nor 
vary systematically with µ, the equi-inclination angle. This indicated 
that both the scan ranges and counter apertures had been correctly 
chosen ( Freeman et al., 1970). New weights were assigned to the 
structure amp I itudes taking into account the contribution f ram 
systematic errors (Freeman and Guss, 1972). A total of 238 unique 
reflections were available for subsequent structural analysis. 
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STRUCTURE REFINEMENT 
2+ -Atomic scattering factors for Si and O , used in the structure 
refinement were taken from International Tables for X-ray 
Crystallography, Vol. 4 (1974). The refinement was carried out 
using the program SFLS (Prewitt, 1966) a full-matrix least squares 
program which minimizes the function Iw( IF I - k IF I ) 2 where k is an 
0 C 
overall scale factor and w is the weight of an observation and 
assumed the form w = 1/a2
2 
where a2 = [a1
2 
+ 0.25(0.025(F
0
))2]\. 
The first three cycles refined the scale, isotropic temperature factors 
and the oxygen positional parameter. After further cycles and 
changing to anisotropic temperature factors, the structure converged 
to a final R value of 0.024 and R value (defined in Chapter 4) of 
w 
0.027. The standard deviation of an observation of unit weight 
(Chapter 4) was 1.39. 
observed. 
No correlation between parameters was 
DISCUSSION 
The final parameters are given 1n Table 2. A listing of 
structure factors is given 1n Appendix A. The positional parameters 
ar~ in good agreement with those reported from powder data (Baur 
and Khan, 1971). Anisotropic temperature factors for both cation and 
anion, however, have significantly smaller values from those reported 
previously. Bond distances and angles are shown in Table 3. 
In this structure (Fig. 1) each silicon atom is surrounded by six 
oxygen atoms at the corners of a distorted octahedron. The 
octahedra share edges, forming bands running parallel to the z-axis. 
- 0 
The four co-planar bonds located 1n the (110) plane are 0.052 A 
shorter than the two axial bonds lying normal to the (110) plane. 
The new values for the temperature factors show that the thermal 
motion of the oxygens is largest in a direction perpendicular to the 
line joining their centres. This can be explained by the extremely 
0 0 
short 0-0 bond distance of 2.29 A (r = 1.36A). The isotropic 
oxy 
thermal parameters (B's) are considerably smaller than usual values 
for the tetrahedrally coordinated arrangement - a consequence of the 
close packing of the atoms. 
Table 2. 
Atom X/A 
Si(2a) 0 0 
Stishovite - atomic parameters 
Z/C u11 
<=0 22) 
0 216(6) 148(8) 9(6) 
OXY ( 4f) 30616 ( 7) 30616 ( 7) 0 332(12) 237(11) -13(17) 
e.s.d. 's are given in parentheses; u13 = u23 = 0.0 
Anisotropic temperature factors of the form: 
152 
237 
2 *2 2 *2 2 *2 * * * * 
exp [ -2TI2 (u11h a + u22k E_ + u 331 _£ + 2u12hka E_ + 2U13hl~_£ 
,._ * )] 
+ 2u23klE_ .£ 
*************************************************** 
Table 3. 0 0 Bond lengths (A) and angles ( ). No. per cell 
Si - 0 1.8086(3) X2 
Si - 0 1.7570(2) X4 
Si - Omean 1.7742 
0 
- 0 2.5215(3) X8 
0 
- 0 2.2902(5) X2 
Si - Si 3.2404(3) X8 
0 - Si - 0 81.34(1) X2 
Estimated standard deviations are given in parentheses. 
Si 
z 
X 
Fig. 1. 
I 
I 
\ 
\ 
\ 
Si 
0 
Si 
ORTEP II drawing (Johnson,1976) of the unit cell of stishovite. 
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CHAPTER 4 
CRYSTAL SYNTHESIS AND STRUCTURE REFINEMENT 
* OF HIGH PRESSURE ScAI03 PEROVSKITE 
INTRODUCTION 
MgSi03 perovskite was first synthesized by Liu (1974), who 
demonstrated that pyrope garnet disproportionated into a distorted 
perovskite phase plus corundum at pressures above 30.0 GPa in a laser 
heated diamond anvil press. More recently, Liu (1975, 1976b), Ito 
(1977), Ito and Matsui (1978) and Yagi et al. (1978) have shown that 
MgSi03 pyroxene transforms to the distorted perovskite structure at 
pressures greater than 25.0 GPa. Forsterite has also been found to 
transform to this modification above 25.0 GPa pressure (Liu, 1975, 
1976c; I to, 1977). Thus it appears certain that the distorted 
perovskite structure 1s adopted by the major minerals within the Earth's 
lower mantle. 
Reid and Ringwood (1975) first proposed that MgSi03 pyroxene 
would transform to the distorted perovskite structure on the basis of 
information obtained from a powder X-ray analysis of the high pressure 
analogue compound ScAI03 . In this structure the B(AI) atoms occupy a 
site surrounded by six oxygen atoms 1n a distorted octahedral 
arrangement. Refinement of the crystal structure from powder patterns 
is made difficult by the large number of variable atomic parameters. 
This results in large errors for the positional parameters and therefore 
bond lengths and angles. Furthermore, the powder data cannot 
distinguish the space groups Pbnm (centric) from Pbn21 (non-centric), 
hence the true symmetry remains unresolved. 
As shown in the experiments mentioned above, ScAI03 may be an 
excellent analogue structure for the important mantle phase, MgSi03 
perovskite. However, detailed confirmation of the ScAI03 structure by 
single crystal X-ray analysis remained to be carried out. 
* Sinclair, W., Eggleton, R.A. and Ringwood, A.E. 
Kristallogr., 149, 307-314. 
(1979). z. 
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It was therefore decided to grow sizeable crystals of this phase and 
refine its atomic structure by single crystal X-ray analysis. 
HIGH PRESSURE CRYSTAL SYNTHESIS 
The crystals used 1n this study were synthesized under high 
temperature and pressure using the piston-cylinder apparatus described 
by Boyd and England (1960). The ScAI03 starting material was the 
same powder used by Reid and Ringwood (1975). Eighty weight 
percent of A. R. grade lithium fluoride (flux) was thoroughly ground 
and mixed with twenty weight percent ScAI03 powder and these, 
together with a small amount of water, were sealed in a platinum 
capsule. At 3.5 GPa pressure, temperature was raised to 1250°C, held 
for 1 hour and then lowered slowly at 2.5°C/minute to 900°C. The 
charge was then quenched and pressure released. After removing the 
LiF by dissolving in dilute hydrochloric acid, many euhedral crystals of 
the perovskite phase remained ranging from 10-200 µm in dimension. 
The most prominent forms are the .{110} prism and the {001} pinacoids. 
The crystals characteristically lack cleavage, parting or observable 
defects. Some crystals, however, were slightly pink in colour. 
CRYSTAL STRUCTURE ANALYSIS 
Unit cell dimensions were obtained by least squares refinement of 
the setting angles of twelve carefully centred reflections having 28 
values between 60 and 80°. They are given in Table 1, together with 
other crystal data. E.s.d.'s in the cell dimensions derive directly from 
the least squares analysis. 
TABLE 1. 
Crystal data of ScAI03 perovskite 
Orthorhombic, Pbnm (No. 62) 
0 
a= 4.9355(3), b = 5.2313(3), c = 7 .2007(5)A 
V = 185.91(4)A3 , Z = 4 
-3 D = 4. 31 Mg m 
C 
A nearly cubic clear crystal 0.1 mm in length bounded by {110} 
and {001} faces was selected for data collection. Preliminary 
investigations to check for crystal singularity, orientation and space 
group extinctions were made of the h(0-1 )I, Oki and hkO layers using 
15. 
precession and Weissenberg X-ray photographic techniques. The 
-Friedel pairs hkl and hkl were carefully examined for inequality such as 
might originate from anomalous dispersion, but no significant difference 
was found. Consequently, the centric space group was taken as 
correct. The intensity data were collected on a Philips PW1100/ 20 
0 
automatic 4-circle diffractometer using MoKa radiation (A = 0. 71069A) 
reflected from a graphite-crystal monochromator. Five hundred and 
seventy-seven symmetrically 
within the range 1. 5° < e < 
independent reflections were measured 
40°. The w-28 scan technique was used at 
. -1 
a scan speed of 1. 2° m, n and with an asymmetric scan range from 
(ea1 - 0.4)
0 to (ea1 + 0.4 + 6.)
0 (where 6. is the allowance for angular 
separation between MoKa1 and MoKa2 components for the reflection 
concerneC.:). Background counts each of 20 seconds duration were 
measured at both limits of the scan range. The three standard 
reflections 800, 080, 008, collected every two hours, showed little 
instability during the course of data collection. 
Data reduction was carried out using the procedure outlined ,n 
Ferguson et al. (1979). The integrated intensity, I, of a reflection and 
its estimated standard deviation, o( I), were calculat..~d from the 
following expressions. 
I = [CT - (t /tb) (B1 + B2)] p 
o(I) =[CT+ (tp/tb) 2(B1 + B2)]\ 
where CT is the scan count, B1 and B2 are the background counts at 
the limits of the scan range, tp and tb are the scan time and total 
background counting time respectively. The intensities were then 
corrected for Lorentz and polarization effects according to: 
Lp = (cos22e + cos22e )/[sin28(1+cos 22e )] 
m m 
where 8 and 8 
m 
(= 6.06°) are the Bragg angles for the reflection 
concerned and the monochromator, respectively. The unscaled 
structure factor amplitudes, F 
0
, and their standard deviations o1 ( F 0 ) 
were calculated from the following equations: 
1: 
F = (I/Lp) 2 
0 
16. 
A second estimated standard deviation, a2 , was calculated for each 
F using the relation: 
0 
1: 
where p[= (0.0015) 2 ] 1s an arbitrarily assigned factor to allow for 
instrumental uncertainty (Busing and Levy, 1957; Corfield et al., 
1967). 
The data were then sorted to an efficient order for subsequent 
computer programs. At the same time, reflections for which F/LiF<3.0 
were discarded as being unobserved. A total of 498 unique reflections 
were available for subsequent structural analysis. 
STRUCTURE REFINEMENT 
Atomic scattering factors for neutral atoms, together with 
corrections for the real and imaginary parts of anomalous scattering (f', 
f 11 ) used 1n the structure refinement were ta ken from Inter-
national Tables for X-ray Crystallography, Vol. 4 (1974). 
The refinement was carried out using +.he full-matrix least squares 
program SFLS (Prewitt, 1966) whic~ m1n1m1zes the function 
Iw( IF 0 1-k IF c I )
2 
where k is an overall scale factor, and w is the weight 
of an observation (taken as unity in the initial stages and later assumed 
2 2 2 1: the form w(hkl) = 1/a2 where a2 = [a1 + 0.25(0.05(F0 )) ]
2). The 
discrepancy factors R and R are: 
w 
and the estimated standard deviation of an observation of unit weight, 
is given by: 
where m 1s the number of observations and n 1s the number of 
parameters varied. S should approach unity at convergence if the 
model is correct and observational errors are random and correctly 
estimated. 
Initial atomic coordinates from Reid and Ringwood (1975) were used 
1n the refinement. The final R value at convergence was 0.028 
17. 
and R value of 0.035. The standard deviation of an observation of 
w 
unit weight was 1. 04. No correlation between parameters was observed. 
A weighting analysis showed that there was no serious dependence of 
the minimized function on either F or sin8/.\. 
0 
The ANUCRYS System of Crystallographic programs as implemented 
on the UNIVAC 1108 at A.N.U. by P.O. Whimp and D. Taylor was used 
throughout the structure solution. 
The final positional and thermal parameters obtained at the 
completion of refinement are given in Table 2. Bond angles and lengths 
from this study are given in Table 3. A listing of structure factors is 
given in Appendix B. 
Table 2. Final atomic and thermal parameter for ScA103 perovskite. The e .s.d's ., in paren-
theses, are expressed in unit of the las t digit 
Atom si te X y z /311 /322 
Sc 4c 0.9793(1) 0.0701(1) I 0.0029(1) 0.0029(1) 4 
Al 4b 0.0 I 0.0 0.0022(2) 0.0028(2) 2 
0(1) 4c 0.1196(3) 0.4551(3) I 0.0034(4) 0.0036( 4) 4 
0(2) 8d 0.6906(2) 0.3061(2) 0.0611(1) 0.0029(3) 0.0032(3) 
/3 3~ /312 /313 /323 Beq 
Sc 4c 0.0022(1) - 0.00025(7) 0.0 0.0 0.35 
Al 4b 0.0018(1) - 0.00003(12) 0.00009(10) 0.00009(10) 0.29 
0(1) 4c 0.0014(2) - 0.0009(3) 0.0 0.0 0.34 
0(2) 8d 0.0023(1) -0.0004(2) 0.0003(2) -0.0004(2) 0.37 
The following constraints are required from the symmetry for atoms on special position 
4c : /313 = /323 = 0.0 
CRYSTAL GROWTH 
The results presented above indicate that lithium fluoride may be 
used as a flux for the growth of large ScAI03 perovskite crystals. The 
slight pink colouration of some crystals IS probably due to trace 
amounts of a transition metal incorporated into the structure. 
Macroscopic inclusions of the flux 1n the crystals were absent. Cell 
dimensions of the flux-grown crystal used in this study agree within 
error for those given by Reid and Ringwood (1975), confirming the 
absence of any flux substitution. 
DESCRIPTION OF THE STRUCTURE 
The structure of 
perovskite type (Megaw, 
ScAI03 
1973; 
IS of 
Marezio 
the distorted 
et a I . , 1970; 
orthorhombic 
Coppens and 
0 0 
Table 3. Inte r atomi c di s tan c e s (A) and bo nd angle s ( ) -in ScA10 3 perovskite 
The e.s.d's., in parentheses, are expressed in units of the last digit 
Polyhedron 
Sc-0(1) 2.068(1) 
Sc-0(1) 2.129(2) 
Sc-0(2) 2 X 2.112(1) 
Sc-0(2) 2 X 2.325(1) 
Sc-0(2) 2 X 2.555(1) 
Mean of 8 2.273 
Sc-0(1) 3.017(1) 
Sc-0(1) 3.291(2) 
Sc-0(2) 2 X 3.398(1) 
Mean of 12 2.607 
0(2)-0(2) 2.681(05) 
0(2)-0(2) 2.685(08) 
0(2)-0(2) 2.719(2) 
Octahedron 
Al-0(2) 2 X 1.885(1) 
Al-0(2) 2 X 1.909(1) 
Al-0(1) 2 X 1.909(05) 
0(1)-0(2) 2.634(2) 
0(1)-0(2) 2.647(1) 0(2)-Al-0(2) 89.89(2) 
0(1)-0(2) 2. 731( 1) 0(2)-Al-0(1) 87.93(5) 
0(1)-0(2) 2.750(2) 0(2)-Al-0(1) 87.81(5) 
Cation-cation 
Sc-Al 2.882(03) 
2.995(03) 
A 1 -A 1 3.596(02) 
18. 
Eibschutz, 1965) consisting of a 3-dimensional framework of 
corner-joined AI06 octahedra with the Sc atoms lying in the spaces 
between them (Fig. 1). The structure is distorted from the ideal cubic 
modification (outlined within the unit cell in Fig. 1) by displacements of 
the Sc and oxygen atoms. The Al atoms are situated on centres of 
symmetry on special position 4b, and are centrally placed within the 
distorted octahedron. The oxygen atoms lie at two different distances 
0 
from the Al atoms with an average Al-0 distance of 1. 901 A, the 
0 
difference between the two lengths being 0.024(2) A. The distortion of 
the octahedra measured by Al-0 bond lengths and O-Al-0 angles 1s 
small in comparison to the Sc-0 polyhedra (see below). 
The most prominent distortion of the structure from that of ideal 
perovskite is the tilting of the octahedra. This causes large distortions 
of the Sc-0 polyhedra (Fig. 2a) from the ideal structure, in which Sc 
0 
would be surrounded by 12 oxygen atoms at a distance of about 2.54 A 
0 
(Fig. 2b), based on the cubic subcel I of 3. 59 A. The Sc atom has 
0 
been displaced from its ideal position by 0.1 A in the x-direction and 
0 
0.37 A in they-direction. A range of bond lengths from 2.068 to 3.398 
0 
A as well as a range of bond angles results from this distortion. The 
0 
average of the first six near-neighbour oxygen atoms is 2.179 A and of 
0 
the first eight is 2.273 A. The large range of bond distances for the 
polyhedral site makes the A cation coordination number difficult to 
resolve. 
Reid and Ringwood (1975), concluded that Sc was in eight-fold 
coordination with oxygen by comparison with results obtained from the 
rare-earth orthoferrite perovskite (Marezio et al., 1970), the C rare 
type sc2o3 and powder X-ray data of Sc~Si 2o7 . In ScAI03 perovskite 
the 9th bonding oxygen distance is 0. 75 A longer than the sum of their 
0 
ionic radii, the 12th bonding oxygen being 1.13 A longer, using the 
value for Sc 1n 8 coordination (Shannon and Prewitt, 1969). 
Furthermore, bond strength sums calculated from the parameters of 
Brown and Wu (1976) show that the valence of Sc is satisfied by 
bonding with the eight nearest oxygen atoms (= 3.06) of the 
polyhedron. When the rema1n1ng four bonds are included, Sc is 
somewhat overbonded by O. 26 valence units. Therefore, the effective 
coordination of Sc is best considered as being in eight-fold coordination 
with oxygen. 
Values of the isotropic thermal motions (B) for each atom are 
smaller than for compounds formed at the Earth 1s surface. Low thermal 
Sc 
Fig. 1. Drawing (ORl'EP II, Johnson, 1976) of ScA10 3 perovskite. The 
cubic subcell is out-lined within the larger orthorhcmbic unit cell. 
• A 
~¥. 
~:;:r~ 0 1 
a 0 0 2 b 
Fig. 2. (a) The Sc012 polyhedron in ScA10 3 and (b) the same 
p::)lyhedron in the tn1distorted cubic perovskite. (After Coppens 
and Eibschutz, 1965). 
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parameters were obtained from the stishovite refinement (Sinclair and 
Ringwood, 1978) also grown under high pressure, and were thought to 
be due to the close packing of Si and O atoms. The situation 1n 
ScAI03 1s similar as the volume is the smallest so far observed in a 
perovskite compound (after MgSi03). 
IMPLICATIONS FOR MgSi03 PEROVSKITE 
The d iff racti on symmetry of the high-pressure perovskite 
polymorph of MgSi03 , like ScAI03 perovskite, is identical for both Pbnm 
(centric) and Pbn21 (non-centric) space groups. Although the true 
space group of MgSi0 3 perovskite may not become known until large 
single crystals have been synthesized, some inferences can be made 
from close analogue structures. The two types of perovs kites that 
satisfy the above space-group extinctions can be represented by the 
structures of ScAI03 ( Pbnm) and CdTi03 ( Pbn21 ). The CdTi03 
structure differs from the centrosymmetric structure primarily by the 
displacement of the B cation from the central position within the oxygen 
octahedron. 
If the B cation 1s non-central, then the non-centric polar 
perovskite phase may undergo a ferroelectric transition. A transition 
of this kind occurring in MgSi03 perovskite (assuming Pbn21 symmetry) 
could have important irpplications f'Jr explaining certain physical 
properties such as the anomalous electrical conductivity and acoustic 
discontinuities that occur at depths where this phase 1s stable 
(Schloessin and Timco, 1977; Timco and Schloessin, 1978; Litov and 
Anderson, 1978; Frank and Stiller, 1981). Thus it is necessary to 
establish the correct space group for this important lower-mantle phase. 
On the basis of the space group information derived from the 
ScAI03 structural analysis, MgSi03 perovskite is expected to crystallize 
in the centrosymmetric space group and consequently to lack B cation 
displacements. Furthermore, the new results for ScAI03 perovskite 
show that the AI06 octahedra are more regular. This gives added 
support for the central position of the B cation and so centrosymmetry 
of the overall structure. Centrally located Si is already known to exist 
1n the CaSi03 cubic perovskite synthesized by Liu and Ringwood 
(1975), therefore the centric space group seems the most probable 
choice for the perovskite modification of MgSi03 synthesized at high 
pressure. 
20. 
CHAPTER 5 
SYNTHESIS AND REFINEMENT OF Sc2si 2o7 PYROCHLORE 
INTRODUCTION 
Thortveitite, sc2si 2o7 , under very high pressure, transforms to 
a cubic pyrochlore structure (Reid and Ringwood, 1974). A powder 
refinement of this structure by Reid et al. (1977) showed that the 
silicon atoms are 1n six-fold coordination to oxygen atoms. This 
configuration 1s typical of the dense phases that occur within the 
Earth's mantle. Furthermore, the high symmetry of the pyrochlore 
structure requires that all B(Si)-0 distances are equivalent. These 
properties are important in understanding the crystal chemistry of 
silicon 1n six-fold coordination. We have, therefore, synthesized 
crystals of this phase and report its single crystal X-ray structure 
refinement. 
HIGH PRESSURE CRYSTAL SYNTHESIS 
The high temperature solvent lithium fluoride (LiF) was shown to 
be a satisfactory flux in the successful synthesis of the high 
pressure phase ScAI03 perovskite, and seemed a promising flux for 
the growth of the high pressure pyrochlore phase. This phase was 
previously found to be stable at 10 GPa and 1000°C (Reid and 
Ringwood, 1974). The growth of crystals suitable for single crystal 
X-ray analyses requires high pressures over large sample volumes 
("'10 mg). To obtain these pressures the large scale Bridgman anvil 
type apparatus was used. In order to monitor the temperature of the 
sample under pressure, a Pt/PtRh10 thermocouple was placed within 
the cell assemblage. Synthetic thortveitite powder, supplied by A. 
Major, was thoroughly mixed and ground with seventy weight percent 
of LiF. This mixture, together with a small amount of water, was 
sealed 1n a platinum capsule. At approximately 9.8 GPa pressure, 
temperature was raised to 1250°c, held for twenty minutes and then 
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lowered slowly at 5°C/min for 1 hour. The charge was then 
quenched and pressure released. After dissolving the flux, clear 
octahedrons of the pyrochlore phase, up to 60µm 1n d imension, 
remained. 
CRYSTAL STRUCTURE ANALYSIS 
Unit cell dimensions were obtained by least squares refinement of 
the setting angles of twelve carefully centred reflections having 28 
values between 25 and 40°. Crystal data are given in Table 1. 
TABLE 1. 
Crystal data of sc2si 2o7 pyrochlore 
Cubic, Fd3m (No. 227) 
0 
a - 9.284(1)A -
-
V 800.2 
03 
z 8 - A, -- -
D 4.28 Mg m -3 = 
C 
A clear octahedral crystal 0.06mm at maximum dimension was 
selected for data collection. Preliminary photographs were taken of 
the hhO and hhl layers. The systematic absences confirmed the space 
group as Fd3m in the cubic system. Data collection and reduction 
procedure was similar to ScAI03 (Chapter 4). Intensities for three 
hundred and ninety-eight reflections were measured within the range 
1. 5° < 8 < 35°. The three standard reflections 404, 440, 404 
collected every two hours showed little instability during the course 
of data collection. Symmetrically equivalent reflections were combined 
to give a unique data set of one hundred and one reflections. After 
discarding reflections for which F/6F < 3.0, a total of sixty unique 
reflections remained for subsequent structural analysis. 
STRUCTURE REFINEMENT 
Atomic scattering factors and corrections for anomalous 
dispersion for neutral atoms were taken from International Tables for 
X-ray Crystallography, Vol. 4 (1974). 
Initial atomic coordinates from Reid et al. (1977 ) were used. 
The weight of an observation was initially taken as unity and in later 
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stages of refinement assumed the form w(hkl) - 1/a1 [F0 (hkl)]. 
After several cycles of full-matrix least squares the ref inement 
converged to a final R value of 0.038 and R value of 0.025. The 
w 
standard deviation of an observation of unit weight was 1. 56. The 
final positional and thermal parameters obtained at the completion of 
refinement are given in Table 2. Bond lengths and angles are given 
in Table 3. A listing of structure factors is given in Appendix C. 
DISCUSSION 
The small size of the crystals obtained may reflect the 
inadequacy of the LiF solvent. The growth of crystals under 
extremely high oressures (the highest so far reported) however, 
places other restrictions on crystal size. The most important of these 
are (i) the small volume of the sample, (ii) maintaining pressure at 
high temperatures and (iii) formation of other phases with the flux at 
high pressure. 
DESCRIPTION OF THE STRUCTURE 
In this structure (Reid et al., 1977; Shannon and Sleight, 
1968; Sleight, 1968; Hoekstra and Seigel, 1968) the silicon atoms 
0 
are surrounded by six oxygen atoms at a distance of 1. 780(2)A 1n a 
symmetrically distorted octahedral arrangement. The Si-0 bond 
distance, which is only dependent on the 0(2) x positional parameter, 
0 
is 0.02A larger than the distance reported by Reid et al. (1977). 
The amount of distortion of the octahedron rs measured by the 
0(2)-Si-0(2) angles (Table 3). These angles would be 90° if the 
octahedra were regular. Each oxygen atom of the Sio6 octahedra is 
shared with two silicon atoms resulting in a three dimensional network 
through the structure. 
Sc atoms are 1n eight-fold coordination with six oxygen atoms 
0 
0(2) lying 0.304A further from Sc than the two 0(1) atoms. Sc-0(1) 
distances are determined by the cell edge, however, the Sc-0 ( 2) 
bond distances are dependent on the 0(2) positional parameter x. 
The average bond length for the eight bonds agrees with known Sc-0 
lengths (Shannon and Prewitt, 1969). Sco8 polyhedra also form a 
network through the structure with the distorted cube being 
connected by the 0(1) atoms. Sc is in linear coordination with the 
Table 2. Final atomic and thermal parameters for Sc 2Si 2o7 
pyrochlore. E.s.d. 's are given in parentheses. 
Atom X y z 
Sc(16c) 0.0 0.0 0.0 0.0016(1) 0.0016(1) 
Si(16d) 1/2 1/2 1/2 0.0006(3) 0.0006(3) 
0(1)(8a) 1/8 1/8 1/8 0.0012(5) 0.0012(5) 
0(2)(48f) 0.4257(4) 1/8 1/8 0.0001(3) 0.003(1) 
0.0016(1) -0.0005(1) -0.0005(1) -0.0005(1) 0.56 
0.0006(3) 0.00004(17) 0.0000~(17) 0.00004(17) 0.21 
0.0012(5) 0.0 0.0 0.0 0.41 
0.003(1) 0.0 0.0 - .002(1) 0.73 
Anisotropic temperature factors of the form : 
exp[-(S11h 2+S22k 2+S33l 2+2f312hk+2S13hl+2S23kl)]. 
The following constraints are required from the symmetry 
for atoms on special positions 16c, 16d : B11 = S22 = 833 
and S12 = S13 = S23; 8a: S11 = B22 = S33 and B12 = f313 
= S23 = 0.0; 48f: S22 = S33 and B12 = S13 = 0.0. 
Table J. 
•) 0 
Interatomic distances (A) and angles ( ) in Sc 2Si 2o7 pyrochlore 
The e.s.d's., in parentheses, are expressed in units of the last digit 
Octahedron 
Si-0(2) 
0(2) -0(2) 
0(2) -0(2) 
Polyhedron 
Sc-0(1) 
Sc-0(2) 
Sc-Om 
0(1) -0(2) 
6 X 1.780(2) 
2.616(5) 
2.415(1) 
2 X 2.0101(1) 
6 X 2.314(3) 
2.238 
2.792(4) 
0(2)-Si-0(2) 
0(2)-Si-0(2) 
Sc-0( 1 )-Sc 
0(1)-Sc-0(1) 
94.6(2) 
85.4(2) 
109.47(1) 
180.00 
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network oxygens 0(1) and forms an angle (Sc-0(1)-Sc) of 109.47(1) 0 
between two polyhedra. When the x value of 0(2) becomes 0.375, 
placing Si at the origin, a perfect cube around Sc results (Sleight, 
1968). Furthermore, a regular octahedron around Si results for an x 
value of 0.3125 ·with the same or1g1n. Converting x to the Si origin, 
using x(Sc) 
0 
3/4 x(Si ), 
0 a value of 0.3243 is obtained for 
PART II 
CRYSTAL CHEMISTRY AND STRUCTURE 
OF SYNROC PHASES 
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CHAPTER 6. 
INTRODUCTION 
The need for a self-sufficient energy policy became apparent to 
many nations during the Arab oil embargo in late 1973 - early 1974. 
At that time, the Organization of Petroleum Exporting Countries 
quadrupled crude oil prices from $3 to $12 a barrel. Today, some 
seven years later, the cost of oil has increased a further 300 per 
cent to a base level of between $34-36 a barrel, and we are now fully 
aware that this resource is finite. Alternative sources of energy are 
numerous and include the technologically developed coal and nuclear 
power generators as wel I as more experimental methods such as those 
using wind or solar energy. 
Generation of electric power by nuclear reactors arose 1n the 
wake of military programs 1n the USA and the UK in the 1950's. 
Since that time the numbers of commercial reactors brought into 
operation have steadily incre=:sed, and today about 240 reactors exist 
1n 22 nations. In the USA alone 74 plants are generating 
approximately 10% of the nation 1s electricity. Nuclear reactors, 
however, generate dangerous radiotoxic waste products having a high 
level of radioactivity which must be isolated from the biosphere for 
periods of about 105-106 years. The research described in this 
second part of the thesis has been motivated by problems associated 
with the disposal of these high level wastes. 
The following three sections provide a background to the 
generation of nuclear wastes. They have been included for general 
interest and are not intended as rigorous treatments of the subject 
matter. Much of the information has been derived from Castel lo 
(1980), Cordfunke (1969) and the Royal Commission on Environmental 
Pollution Sixth Report (1976). 
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NUCLEAR FISSION 
An important type of nuclear reaction occur1ng 1n heavy nuclei 
such as uranium, 1s known as nuclear fission. This reaction 1s 
caused by the absorption of neutrons and results 1n the splitting of 
the heavy nucleus into two fission fragments and the release on 
average, of 2.5 neutrons and large quantities of energy. The fission 
fragments are highly radioactive elements ranging from zinc to the 
rare earth element terbium. In a reactor, the isotope U-235 is 
induced to split by absorbing a slow or 11 thermal 11 neutron. Thermal 
neutrons have velocities C- several km/sec) comparable with that of 
gas molecules at moderate temperatures. They are slowed by a series 
of collisions with substances composed of light nuclei called 
moderators. Typical moderators are carbon and light and heavy 
water. The best material 1s heavy water ( o2o) which has a 
neutron-capture cross section about a 600th as large as that of normal 
water. 
The neutrons escaping from the fission reaction are capable of 
striking other nuclei of U-235 which in turn liberate more neutrons 
for additional fission reactions. In this way a chain reaction is 
initiated with the release of large amounts of energy. When the 
above process 1s uncontrolled an atomic explosion results. In a 
nuclear power reactor, the chain reaction is controlled by absorbing 
excess neutrons, (usually by inserting boron rods between the fuel 
elements). 
Natural uranium consists of 99.2739% U-238, 0.7204% U-235 and 
0.0057% U-234. Uranium-238 and 234 undergo fission when bombarded 
by high energy neutrons. The abundant U-238 in the reactor fuel, 
captures thermal neutrons but does not undergo fission. Its presence 
therefore inhibits the chain reaction. To overcome the absorption of 
neutrons, by U-238, nuclei of the moderator and nuclei of certain 
fission products e.g. xenon-135, the fuel in most reactors is enriched 
in the isotope U-235 to about 3%. An alternative system developed in 
Canada (CANDU) utilizes heavy water as a moderator. The liquid 
absorbs very few of the neutrons, thus enabling natural uo2 to fuel 
the reactor. 
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NUCLEAR FUEL CYCLE 
Uranium fuel 1n a commercial nuclear reactor 1s 
processed from natural uranium ores. Some of the more important 
uranium minerals include: uraninite uo2+x' brannerite 
(U,Ca,Th .. ) 3Ti 5o 16 , autunite Ca(uo2 ) 2(P04 ) 2 .10.6H 2o, carnotite 
K2o. 2uo3 . V 2o 5 . 1-3H 2o, uranophane Ca( uo2 ) 2si 2o 7 . 6H 2o and 
coffinite U(Si0 4 ) 1 _xoH 4x. These ores are crushed, chemically 
leached and concentrated into a product known as 11 yellow-cake 11 which 
is more than 90 percent uranium oxide. In this form, the 
radioactivity is quite low with most arising from escaping radon-222 
gas. The oxide 1s purified using an organic solvent extraction 
technique and converted to uranium hexafluoride (UF 6 ) for enrichment 
in the isotope U-235. 
Enrichment of uranium 1s achieved by utilizing the small 
difference in atomic weight between the isotopes U-235 and 238. The 
techniques involve either gaseous diffusion through porous membranes 
or centrifugal separation. In the former, UF6 gas is allowed to pass 
through the membranes with the isotopes, U-238 and 235, diffusing at 
different rates. High enrichment is attained by repeating the process 
many times. The centrifugal separation method is carried out in a 
long vertical cylinder which rotates about its axis. At high angular 
velocities U-238 and 235 separate inside the vessel with the larger 
atomic weight component concentrating towards the cylinder wall and 
the lower atomic weight component towards the centre. 
Enriched UF6 1s reduced to uo2 powder for use in most 
contemporary reactors, although some uranium carbide and uranium 
metal 1s produced for the Magnox and high temperature gas-cooled 
reactors (see Table 1). The powder is compressed into pellets and 
inserted into thin stainless steel or zirconium alloy tubes known as 
11
cladding 11 • The sealed rods are then ready to fuel the reactor. 
THERMAL NUCLEAR REACTORS 
The basic principles of electric power production by a nuclear 
reactor are illustrated in Fig. 1. Heat is generated inside a reactor 
from ionization caused by the fission fragments slowing down within 
the fuel. This heat is transferred via a coolant, either a liquid 
(heavy water, o2o, or natural water) or a gas (helium, air or carbon 
dioxide), to a heat exchanger, from where it is used to produce 
REACTOR HEAT EXCHANGER TURBINE GENERATOR 
t> 
FUEL ROD CONTROL ROD STEAM 
ELECTRICITY 
CONDENSER 
COOLANT <i 
WATER MODERATOR 
FIG. 1. SCHEMATIC DIAGRAM OF A THERMAL NUCLEAR REACTOR 
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steam for driving turbines. Modern reactors are fueled with enriched 
uo2 , although natural uo2 , enriched uranium metal and uranium 
carbide are also used. Moderators, such as light water, circulate 
around the fuel assembly and act to slow the escaping high velocity 
neutrons for easy capture by the fissile isotope U-235. A high 
neutron absorber such as boron can be inserted between the fuel 
rods in order to control the fission reaction. 
Many types of thermal reactor have been built throughout the 
world. They are usually classified on the basis of several 
characteristics, such as fuel type, 
cladding. These are shown in Table 1. 
moderator, coolant and fuel 
The characteristics of one of 
these, the Light Water Reactor, are given here in slightly more 
detail. Originally they were designed to power US submarines, but 
now are in widespread use for commercial electrical generation in the 
US and other countries. Light water is used both as the coolant and 
moderator. The water is circulated at a temperature of 320°C and is 
prevented from boiling by pressur.izing at 2,250 pounds per square 
inch. Because of the high absorption of neutrons by the moderator, 
the uranium oxide fuel is enriched in U-235 to about 3-4%. 
RADIOACTIVE WASTE MANAGEMENT 
Fuel rods 1n a commercial nuclear reactor have a lifetime of about 
1100 days. At the end of this period the spent fuel contains a large 
number of highly radioactive isotopes. These are created from the 
fission reactions already mentioned, and from neutron capture of 
U-238. The latter mechanism is responsible for the formation of the 
* Ci-emitting actinide elements. A neutron captured by U-238 gives 
rise to U-239 and then decays by two ~-emissions to neptunium-239 
and plutonium-239 respectively. Further neutron captures lead to 
heavier plutonium isotopes, Pu-240, 241, 242, americium-243 and 
curium-244 and so on. The build-up of several of these isotopes, in 
particular Pu-239, is advantageous to the operation of the reactor, 
since 31% of the energy releasing fission reactions take place in this 
isotope (Cohen, 1977a). 
* 
~-particles are either electrons or their positive analogue positrons, 
a-particles consist of two neutrons and two protons, 
)'-rays are similar to X-rays but are of shorter wavelengths. 
All three can be emitted from a decaying atom. 
Table 1. Characteristics of commercial reactor types. (From Royal 
Commission on Enviromental Pollution Sixth Report, 1976) 
Reactor 1 
type 
AGR 
CANDU 
HTR 
LWR 
MAG OX 
SGHWR 
Country 
of origin 
UK 
Canada 
Several 
USA 
UK 
France 
UK 
WATER/GRAPHITE USSR 
Fuel 
enriched uo2 
2% 
uo 2-not 
enriched 
enriched UC 
6-93% 
enriched uo2 
3-4% 
U metal-not 
enriched 
enriched uo 2 
1-3% 
enriched uo 2 1.8% 
1. AGR - Advanced Gas-cooled Reactor 
Fuel surrounds 
Stainless steel 
Zirconium alloy 
Silicon carbide 
Zirconium alloy 
Magnesium alloy 
Zirconium 
Zirconium 
Niobium alloy 
CA DU- Canadian Deuterium Natural Uranium 
HTR - High Temperature Gas-cooled Reactor 
LWR - Light Water Reactor, also includes PWR 
Moderator Coolant 
graphite CO 2 
graphite He 
graphite 
graphite 
(Pressurised Water Reactor) and BWR (Boiling Water Reactor) 
SGHWR - Steam Generating Heavy Water Reactor 
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Cohen (1977b) has provided an inventory of the elemental 
abundances of the fuel rods at the end of the three year period. For 
every 1,000 kilograms of enriched uranium (3.3% U-235), 35 kilograms 
of fission products, 8.9 kilograms of plutonium, 4.6 kilograms of 
U-236, 0.5 kilograms of Np-237, 0.12 kilograms of Am-243 and 0.04 
kilograms of Cm-244, are produced from 24 kilograms of U-238 and 25 
kilograms of U-235. 
The ultimate disposition of the spent fuel rods 1s still under 
debate. However, most countries intend that the material will be 
reprocessed before final disposal. In reprocessing, after a 5-10 year 
ageing period in cooling ponds, the discarded rods are chopped into 
small lengths and dissolved in nitric acid. Over 99% of the uranium 
and plutonium is extracted from this solution by chemical means and 
these metals are then available for fabrication of new fuel. The 
residue from this process, termed high level radioactive waste or 
radwaste, is mostly a nitrate solution of fission products, actinides 
and various processing contaminants. The components of this solution 
are listed in Table 2. The high level liquid wastes may then be dried 
to a powdered form called calcine. Because of the highly radioactive 
nature of the isotopes in this material it must be isolated from the 
biosphere for up to a million years. 
Calcine powders art.' unsatisfactory for long term disposal 
because of their solubility and ease of dispersal. Thus, it IS 
proposed that they then be further modified by various additives to 
form a monolithic waste-form which ideally should be resistant to 
groundwater attack and suitable for final burial 1n a geological 
repository. 
Currently, the favoured strategy 1n many countries is to 
segregate the calcine by incorporating it into a borosilicate glass. The 
glass is made by combining a low melting powder, called frit, (25-40% 
Si02 , 10-15% B2o, 20-35% alkali metal oxides, 0-20% ZnO) with about 
10-20% of calcined radwaste and melting the two components together 
(Mendel et al., 1977). The mixture is poured into a desired shape 
then cooled to form a glass. Crystalline wasteforms are alternative 
contenders. These are produced by adding certain mineral 
oxide-forming components such as Sio2 , zro2 , Ti02 and Cao, to the 
high level wastes before calcination. This slurry is dried and then 
heat treated under pressure to form dense crystalline aggregates. 
Table 2. 
Fission products 
REE 
Mo03 
Zr02 
Ru02 
Cs 2o 
Bao 
PdO 
Tc2o7 
SrO 
Te02 
Y203 
Rh203 
Rb 20 
CdO 
Ag20 
High level waste composition. From Mendel 
et al.(1977), Table 2.(PW - 4b). 
Wt% Actinides 
29.88 U308 
12.69 Np02 
12.12 Am203 
7.28 Cm2o3 
7.06 Pu02 
3.84 
Wt % 
2.87 
2.12 
0.44 
0.10 
0.02 
3.63 Processing contaminates 
3.16 
2.59 Fe2o3 3.70 
1.78 P205 1.65 
1.47 Cr2o3 0.85 
1.18 NiO 0.35 
0.87 
0.24 
0.22 
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The main disadvantage of the borosilicate g lasses is the ir poor 
ability to resist attack by leaching solutions ( McCart hy et al., 1978; 
Ringwood et al., 1981). They are readily altered and recry stall ized 
in the presence of water at elevated temperatures and pressures. 
The ceramics on the other hand, are extremely stable under simi lar 
conditions. 
Many variations of ceramic material have been suggested. The 
phases crystallized 1n the 11 Supercalcine 11 concept (McCarthy, 1977 ) of 
waste disposal are produced by the addition of 50-70 percent of the 
Si, Al, Ca, and Sr, to the high level wastes. During ca lcination and 
hot pressing, the additives combine with the waste elements to 
produce a number of silicate and oxide phases possessing spine!, 
sch eel ite, apatite, pol I ucite and fluorite-type crystal structures. In 
this technique the type and number of compounds crystallized relies 
heavily upon the chemical composition of the radwaste and thus 
complete characterization of the resultant assemblages is difficult. 
In the titanate ceramic process developed by the Sandia 
Corporation (Schwoebel and Johnstone, 1977), the radioactive elements 
in the liquid wastes are ion exchanged with alkali or alkaline earth 
titanates and zeolites. The exchanged zeolite and titanate slurry is 
removed from the liquid, dried and hot pressed; the latter step 
being the only time high temperatures are required. The resultant 
dense material consists of metals, Mo, Pd, Fe and Ti, titanates such 
as SrTi03 and Gd 2 Ti 2o7 , Si, Ce, U and Zr oxides, (Na, Cs) 
alumina-silicates and (Cs, Rb) pollucite . encapsulated 1n ~50% Ti02 , 
rutile. Another waste form, termed cermet (Aaron et al., 1978), 1s 
produced by dispersing the wastes as small (~ 1 µm) particles of 
oxides or other crystalline phases such as titanates and 
a lumina-silicates within a metal alloy matrix. The wastes and 
additives are chemically coprecipitated from a urea or urea-nitric acid 
solvent to form a homogeneous mixture. The alloy is formed by 
reducing the added Cu, Ni, Fe, Co oxides 1n a H2 or CO atmosphere. 
Other ceramics designed to immobilize high level wastes include 
e ncapsulation of the wastes by cement; coating supercalcine with 
Al 2o3 and pyrolytic carbon; coating supercalcine with glass and 
embedding borosilicate glass 1n a metal matrix. The last three 
concepts belong to the so-called multi barrier category. 
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SYNROC 
A possible ceramic waste form 1s SYNROC, a synthetic rock 
proposed by Professor Ringwood at the Australian National 
University, Canberra. It 1s simple in design and acts by 
incorporating waste elements into the crystal lattices of three phases 
as dilute solid solutions. 
The development of SYN ROC began with the publication of a 
small booklet, entitled 11 Safe disposal of high level nuclear reactor 
wastes: A new strategy" (Ringwood, 1978). In this report, Ringwood 
provided the first information on the SYNROC process and pointed 
out the advantages of solidifying high level wastes in ceramics and 
the disadvantages of glasses. 
Early formulations of SYNROC, designated SYNROC A, were 
based on a number of silicate and titanate phases crystallized from a 
melt at about 1300°C. The compounds formed were, 11 hollandite 11 
* (BaAl 2 Ti 6o16 ), perovskite (CaTi03 ), zi rconol ite (=zirkelite), 
( CaZrTi 2o7 ), Ba-feldspar ( BaAl 2si 2o8 ), leucite ( KAISi 2o6 ) and 
kalsilite ( KAISiO 4 ). However, leachinfJ tests performed on these 
compositions showed that Cs, a partic~larly hazardous radionuclide, 
was easily leached from kalsilite and leucite. Ringwood overcame this 
problem by simplifying the wasteform to elfminate the silicates from its 
mineralogy reducing it to · 3 main titanate phases, perovskite (25%), 
11 hollandite 11 (40%) and zirconolite (35%) - SYNROC B (Ringwood et 
al., 1979a,b). In the absence of the silicates, Cs partitioned into the 
hollandite-type phase as CsxAl 2 Ti 6o16 . The compound was found to 
be extremely resistant to attack by leaching solutions. 
The three phases of SYNROC B are prepared at sub-solidus 
temperatures ("'1100°C) and at pressures of approximately 10-100 Mpa. 
When mixed with a typical high level waste composition (SYNROC C), 
the following partition behaviour is observed: Cs, Rb, K, Ba, Fe 
and Cr are incorporated into 11 hollandite 11 , the quadravalent actinides 
into zirconolite and Na, Sr, REE and the trivalent actinides into 
perovskite. Other elements such as Ru, Tc, Mo, Ni, Pd, Rh, Te and 
* The mineral hollandite has the formula BaMn 8o16 . In SYNROC, the 
Ba-Al titanate phase is isostructural with this mineral. 
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S occur as a metallic alloy. Almost the entire range of radwaste 
elements can be incorporated as dilute solid solutions with these four 
phases. 
At present, production of SYNROC 1s still 1n the experimental 
stage, with only small scale non-radioactive samples having been 
synthesized. Ringwood et a I. ( 1981) have out Ii ned severa I preferred 
manufacturing procedures. The inert SYNROC components, Caco3 , 
Baco3 , zro2 , Al(OH) 3 and Ti02 anatase, are first thoroughly mixed 
by ball-milling. This material 1s added to the radwaste nitrate 
solution to form a slurry. The slurry is dried and then calcined at 
high temperatures of 750-900°C in order to decompose. the nitrates 
and carbonates. The resultant homogeneous powder is fed into a 
convoluted stainless steel canister which can be shortened when 
subjected to a uniaxial load. Pressure is applied to the sample by 
means of two opposed pistons and heated by external radiofrequency 
induction coils. At the desired temperature, 1150°C, the container is 
compressed causing it to collapse along the vertical axis. These 
canisters are stacked in a corrosion-resistent alloy, for final disposal 
1n an array of widely dispersed deep (.,A km) drill-holes. An 
alternative method of forming the inert SYN ROC starting material is 
produced by combining inorganic compounds of Zr and Ti with nitrate 
solutions of Ca, Ba and Al and coprecipitating by the addition of 
sodium hydroxide. 
results. 
A highly reactive and homogeneous powder 
PRESENT INVESTIGATION 
The current investigation was initiated to provide fundamental 
crystal chemical data on the minerals used in SYN ROC. Although 
some mineralogical information about zirconolite, perovskite and 
hollandite, exists in the literature, certain properties important to the 
SYN ROC process remained in question. 
The hollandite-type phase, BaAl 2 Ti 6o 16 , 1s the principal host for 
the large sized atoms Cs, Ba, K and Rb. These elements reside in 
one-dimensional tunnels running parallel to the c-axis of the unit cell. 
Previous studies suggest that the large cations could readily diffuse 
through the structure by hopping from one tunnel site to another 
under the influence of an electrical current (Dryden and Wadsley, 
1958). The structure was thus considered a potential fast-ionic 
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conductor (Beyeler, 1976) and consequently totally inadequate for use 
as a stable compound 1n SYN ROC. However, Ringwood has shown 
that the hol landite-type phase is extremely resistant to the action of 
leaching solutions with retention of the tunnel cations. Clearly, the 
structure could not fulfill both functions. This dilemma was resolved 
by a detailed crystal structure analysis of the synthetic Ba-titanate 
hollandite (Ch. 7). The analysis shows that this structure type is 
unsuitable as a solid electrolyte and explains why it successfully 
"locks-in' 1 the large-cation waste elements. 
These conclusions are further supported from the study of a 
close analogue, the natural mineral priderite (Ch. 8). In this 
structure, cations with different ionic size and charge, Ba2+ and K+, 
have resided in the tunnel sites for up to 22 million years. The 
information on the location and environment of these elements 1s 
directly applicable to the synthetic 11 hollandite 11 used in SYN ROC. 
Zirconolite and perovskite strongly partition the highly 
radioactive a-emitting actinide elements into their structures. These 
elements decay at a significant rate for up to one million years and 
when incorporated within the host minerals may cause damage to the 
atomic lattice principally through the action of alpha-recoil. Such 
damage could effectively impair the function of the phases to 
immobilize the radwaste elements over geological periods of time. The 
studies described in Chapters 9 and 10 examine, in detail, the effects 
of alpha-radiation on the crystal structures of natural uranium and 
thorium bearing perovskite and zirconolite. 
One of the important requirements of SYNROC 1s the ability of 
the constituent phases to accommodate a wide variety of elements 
possessing differing charges and ionic radii. Accordingly, Chapter 
11 explores the extent of solid-solution of several important cations 
which occur 1n radwastes from commercial power stations and military 
establishments. Specifically, the experiments were aimed at 
d t . . h 2+ e erm1n1ng ow much U, Th, REE, Al, Fe , Mg, Nb and Mn would 
substitute into the zirconolite structure. This chapter has been 
written 1n conjunction with Professor A.E. Ringwood and Dr. S.E. 
Kesson. These coworkers provided the experimental results and 
conclusions for the incorporation of U and REE into zirconolite. 
Finally, the crystal structure and chemistry of the mineral 
calzirtite 1s reported (Ch. 12). This rare phase was found to be 
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associated with zirconolite in the altered rocks from the Jacupiranga 
mine, Brazil and from the Kaiserstuhl carbonatites. It contains a 
similar assemblage of elements as does zirconolite (Ca, Zr and Ti) and 
also possesses a fluorite related structure. The mineral has already 
been mistakenly reported as zirconolite on at least one occasion 
(Raber and Haggerty, 1979) and its structure has remained in doubt. 
CHAPTER 7 
THE STRUCTURE AND CHEMISTRY OF A BARIUM TITANATE 
* HOLLANDITE-TYPE PHASE 
INTRODUCTION 
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BaAl 2 Ti 6o16 (ideal formula) is the most abundant phase used in 
SYNROC, a synthetic rock developed for nuclear waste immobilization 
( R i n g wood , 1 9 7 8 ) . This synthetic phase possesses the tetragonal 
hollandite structure and is capable of a large number of substitutions 
of cations with different radii and charge. Ringwood et al. (1979a) 
have shown, through accelerated leaching tests, that this compound is 
extremely stable and strongly resists attack by aqueous sodium 
chloride solutions at elevated pressures and tempera cures. 
The crystal structure of natural hollandite BaMn 8o16 was first 
studied by Bystrom and Bystrom (1950). They found the structure 
to consist of an octahedral framework forming large c hannels parallel 
to the c-axis. It is within these channels that large cations can 
reside, thus stabilizing the structure (Bayer and Hoff man, 1966 ) . 
Dryden and Wadsley (1958) successfully synthes ized a 
non-stoichiometric phase Ba (Ti 8 Mg )o16 possessing this tetragonal X -x X 
hollandite structure. These workers found that the hollandite 
s tructure was able to accommodate a range of compositions with x 
varying from 0.6-1.14. The range for the hollandite latti ce was 
s tudied further by Bayer and Hoffman (1966). They showed the 
I . + + + b. arge cations, Cs , K and Rb , and many smaller ions could com 1ne 
to form the tetragonal hollandite-type structure. 
Although the main features in all previous structural anal y ses of 
t he tetragonal hollandite have never been in doubt, a refin ement 
* Sinclair, W., McLaughlin, G.M. and Ring wood, A.E. 
Acta Cryst. B36, 2913-2918. 
(1980 ) . 
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using modern methods has been desirable. Both previous structure 
determinations resulted 1n high R values and neither individual 
temperature factors nor final difference electron density maps appear 
to have been calculated. Recently, Cadee and Verschoor (1978) 
synthesized several compounds with hollandite stoichiometry. A single 
crystal analysis showed that these phases have a small monoclinic 
distortion of the tetragonal lattice. In the course of structure 
solution the A cation position was moved from the expected special 
position 2(b) (0,0,0) to special position 4(e) (0,±y,O), decreasing the 
coordination number to 10. 
In view of the important potential application of this phase for 
the immobilization of radioactive elements in high level nuclear wastes 
and the need for a fundamental understanding of its properties and 
behaviour, a detailed crystal structure analysis of the SYNROC 
hollandite-type phase was carried out. 
EXPERIMENT AL 
The crystals were synthesized from a mixture of SYN ROC-A 
components (Ringwood et al., 1979a,b). These components were 
sealed in a Ni capsule and pressurized to 0.5 GPa in a piston-cylinder 
apparatus (Boyd and England, 1960). Temperature was increased to 
1300°C, held for one hour a,1d then slowly lowered at 3°C/min to 
1150°C, and then at 30°C/min to room temperature. After removing 
the charge, the large hollandite-type crystals ('.:0.5 x 0.5 x 1mm) 
were easily visible amongst the other phases. The crystals are 
acicular, cleaving along the long dimension, 1.e. parallel to the 
c-axis. They are birefringent, exhibiting a brilliant green colour 
when viewed with transmitted light. Some crystals are also 
pleochroic. Most of the grains examined showed twinning and/or 
multiple fragments. Splitting of reflections was apparent on zero or 
upper level Weissenberg photographs. It was not until a very small 
fragment ( <100 microns) was chosen that the splitting disappeared. 
Powder samples of the hollandite phase with differing 
stoichiometries ranging from Ba0 _6A1 1 _2Ti 6 _8o16 to Ba1
_
6
Al
3
_
2
Ti
4
_
8
o
16 
were also prepared. Ba(N03 ) 2 , Al(N03 ) 3 and Ti02 (anatase) were 
thoroughly mixed 1n the desired ratios 1n an agate mortar. The 
mixture was sintered 1n air at 1000°C for 1 hr to decompose the 
nitrates. The resulting mixture was reground and sealed in a Pt 
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capsule. The sample was then reacted under solidus conditions at 0.5 
GPa pressure and 1400°C temperature for 0.5 hr in a piston-cylinder 
apparatus. The products were examined by electron mi crop robe and 
powder X-ray techniques. The electron microprobe analyses were 
carried out by Mr. N. Ware and are presented in Table 1. 
CRYSTAL STRUCTURE ANALYSIS 
Several crystals were mounted on quartz glass fibres and 
preliminary Weissenberg (CuKa/MoKa radiation) and precession (MoKa 
radiation) photographs were taken. Exposure of the hk(0-2) and 
h(0-1)1 layers, respectively showed a tetragonal cell with Laue 
symmetry 4/m and revealed systematic absences for reflections of the 
type h + k + I = 2n + 1, confirming the space group as 14/m, 14 or 
14. Long exposure rotation photographs (>100 hrs) taken with c-axis 
as rotation axis showed extra diffuse spectra between the Bragg layer 
lines. Reflections at 2x c as found for BaFeMn 7o16 (Mukherjee, 
1964), 3xc for Ba _65 Ru 2 _ 7cr1 _30 8 (Cadee and Prodan, 1979) or 2xa 
and c for redledjeite (Mg,Ca,OH,H 20)<2(Ti 6 _0cr1 _5si 0 _5 ) 8o16 
(Strunz, 1963) and (K,Ba)(AITi)8o16 (Bayer and Hoffman, 1966) were 
not present. 
The crystal chosen for data collection was irregular 1n shape 
with approximate dimensions of 0.100 x 0.060 x 0.025 mm (elongated 
1n the z-direction). The crystal was mounted onto a computer 
controlled fully automatic Picker FACS-1 four circle diffractometer, 
with the c-axis approximately parallel to the q>-axis of the 
diffractometer. Unit cell dimensions and crystal orientation matrix 
were obtained by least squares refinement of the setting angles of 
twelve carefully centred reflections having 28 values between 50° and 
0 
60° using MoKa1 , radiation (A - 0. 70926A) reflected from a 
graphite-crystal monochromator. Crystal data are given in Table 2. 
TABLE 2. 
Crystal data for (Ba_ 98ca_ 03zr_ 02 ) (Al 1 _10 Ni_ 48Ti 6 _4 )o16 
5 Tetragonal, 14~m (c4h, No. 87) 0 
a= 10.039(1) A c - 2.943(1)A 
V = 296.6(1)A3 
D -4.23Mgm-3 
C 
Z = 1 
µ(Mo Ka) - 8.47 mm -1 
Table 1. Electron-microprobe analyses and calculated atomic contents. 
------
l* 2 3 4 5 
Ti02 68. 81. 62 0 77. 70. 
Al 203 7.5 11.2 13.1 13.7 12.4 
FeO <0.1 
NiO 4.7 
Bao 20. 7. 25. 9. 18. 
CaO 0.2 
Zr0 2 0.3 
Total 100.7 99.2 100.1 99.7 100.4 
Ti 4+ 6 .4G1 6.75} 8.2 5.91} 7.87 6.45} 8.25 6.48} 7.9 
Al 3+ 1.10 1.46 1.96 1.8 1.42 
Fe 2+ 7.98 
Ni 2+ 0.48 
Ba 2+ 0.981 0.3 1.2 0.39 0.9 
Ca 2+ 0.03 1.03 
zr 4+ 0.02 
2- 16.00 16.00 16.00 16.00 16.00 0 
*Analysis of crystal used in structure determination. 
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Intensity data 
technique using a 
below the Ka1 to 
were measured by the 8-28 continuous scan 
-1 
scan speed of 2°min (28) and range from 0.8° 
0.8° above the Ka 2 peak for the reflection 
concerned. Stationary background counts of 20 seconds duration 
were made at each extreme of the scan range and were assumed to 
vary linearly between these extremes. Three standard reflections had 
no significant variations 1n intensity throughout the course of the 
experiment. Intensities were collected for reflections having 28 
values between 3 and 120° and spanning one unique octant of 
reciprocal space. Of the 1248 
standards), 734 (59%) for which 
significantly above background. 
reflections measured (excluding 
> 3 o( I) were accepted as being 
After sorting and averaging, only 
the unique 624 reflections were used 1n subsequent calculations. 
These were reduced to values of F in the usual way (see Ferguson et 
a I. , 1979) and corrected for 
discrepancy value for this data 
-1 
- o(l)(Lp) /2jF
0
jis the error 
absorption effects. The statistical 
set R (=Ia (F )/IjF I, where o (F) 
S S O O S 0 
contribution to IF I from counting 
0 
statistics alone) is 0.049. Transmission factors for F , calculated by 
0 
the analytical method of De Meulenaer and Tampa (1965), varied from 
0. 825 to O. 903. Extinction effects were not observed as there were 
no intense low angle reflections, consequent!~; no correction was made 
for these effects. 
STRUCTURE SOLUTION AND REFINEMENT 
Scattering factors for neutral atoms were taken from 
International Tables for X-ray Crystallography, Vol. 4 (1974). Two 
composite curves were calculated using the Al/Ni ratio and the Ca/Zr 
composition obtained from probe results (see analysis 1, Table 1). 
The refinement was carried out using the full-m·atrix least 
squares program SFLS (Prewitt, 1966) which minimizes the function 
Iw( IF 0 j - k IF cl )
2 
where k is an overall scale factor, and w is the 
weight of an observation taken as unity in the initial stages and later 
2 2 2 k 
assumed the form w(hkl) = 1/a2 where o2 = [o1 + 0.25(0.03(F0 )) ] 
2
• 
Initial atomic coordinates from Bystrom and Bystrom (1950) were 
used in the refinement in space group 14/m. After several cycles of 
refinement, the discrepancy factor R (where R -
2 11 F0 I - k IF 11 /I IF I) remained at 0. 20 with little shift from the initial C 0 
atomic coordinates. Interestingly, both previous structural analyses, 
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Bystrom and Bystrom (1950) and Dryden and Wadsley (1958), 
reported high R values of 0.19 and 0.21 respectively, at the 
completion of structure solution. 
At this stage, a 3-dimensional Fourier map was calculated for the 
unique portion of the unit eel I, using the phases calculated from the 
least squares refinement. This clearly showed an elongated region of 
electron density on the c-axis at the Ba position on (0,0,0.5). A 
-
second difference Fourier was calculated using only phases derived 
from the titanium and the two oxygen positions. This again showed a 
region of electron density elongated along the c-ax1s and centred 
around (0,0,0.5), however, we could now resolve two peaks, 
symmetrically related at (0,0,±z). These 4(e) positions, rather than 
2(b) sites, were assigned to the Ba atom which was then allocated an 
occupancy such that the contribution to the scattering was maintained 
at 0. 98 Ba atoms per cell. Refinement using this model reduced the 
value of R to 0.11 using isotropic temperature factors and 0.062 with 
the introduction of anisotropic temperature factors. 
Occupancies for Ba and Ti and for the composites Al/Ni, Ca/Zr, 
were refined separately. Although the occupancies changed only 
slightly the R value decreased to 0.059 and the weighted value R to 
2 2 1: w 
0.058 (where R = [Iw( IF I - k!F I) /Iw!F I ] 2 ). An analysis of 
2 W O C O 
w( IF-<J - IF c I) vs. F 
O 
and sin 8/A showed no systematic trends 
indicating an adequate weighting scheme. The standard deviation of 
an observation of unit weight was 1.45. 
A difference Fourier map calculated 
residual at (0,0,0.31) of 4e/A3 which is 
background and at (0,0,0.5) of 2.2e/A3 . 
at this stage showed a 
03 
about 3e/ A above general 
Other refinements in space 
group 14 resulted in increased R values with retention of the mirror 
symmetry especially about (h,k,0.5). This suggests 14/m as the 
correct space group. Final atomic parameters are presented in Table 
3. Bond lengths and angles are shown in Table 4. A listing of 
structure factors has been placed in Appendix D. 
The AN UC RYS Structure Determination Package (Whimp et al., 
1977) as implemented on the UNIVAC 1100/42 computer at the 
Australian National University, was used throughout the structure 
solution. 
B -
B -
B -
B -
Table 3. Final atomic co-ordinates and thermal parameters 
~-~~- for BaAl 2TiG016 with e.s.d's. in parentheses. 
Atom Site X/A Y/B Z/C 
A 4e o.o 0.0 0.3845(7) 
B Sh 0.3512(1) 0.1673(1) 0.0 
G(l) Sh 0.1539(3) 0.2018(3) 0.0 
0(2) Sh 0.5410(3) 0.1658(3) 0.0 
Atom Ull U22 U33 Ul2 
A* 0.015(1) 0.015(1) 0.054(2) 0.0 
B 0.010(1) 0.010(1) 0.006(1) 0.0 
Beq 
2.18 
0.65 
0.63 
0.74 
0( 1) 0.011(1) 0 . 009(1) 0.004(1) -0.002(2) 
0( 2) 0.011(2) 0.010(1) 0.008(1) -0.001(2) 
*Ull = U22; Ul2 = Ul3 = U23 = 0.0 
others Ul3 = U23 = 0.0, from symmetry constraints. 
******************************************* 
0 0 
4. Interatomic distances (A) and angles ( ) of BaA1 2Ti 6o 16 
----
Table 
with e.s.d's. in parentheses. 
A - O ( 1) 2.787(3) 4x 0(1) - A - 0(1) 132.1(1) 
A - 0 ( 1) 3.126(3) 4x 80.51(4) 
A - O ( 2) 3.397(3) 4x 59.38(5) 
A 
- A 3.623(4) lx 168.5(1) 
2.943(1) lx 103.61(2) 
2.263(4) lx 109.2(1) 
70.37(4) 
0 ( 2) 1.905(3) lx 0(2)- B - 0 ( 2) 94.7(1) 0(2)- B - 0 ( 1) 
0 ( 2) 1.950(2) 2x 98.0(1) 
0 ( 1) 1.974(2) 2x 0(2)- B - 0(1) 91.8(1) 0(1)- B - 0(1) 
0 (1) 2.011(3) lx 170,5(1) 
173 .4 (1) 
91.5(1) 
96.4(1) 
81.9(1) 
B - B 2.943(1) 82.4(1) 
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DISCUSSION 
The structure determined from this study (Figs. 1 and 2) 
consists of a framework of B06 octahedra similar to that reported by 
Bystrom and Bystrom (1950) and Dryden and Wadsley (1958), forming 
channels running parallel to the c-axis. 
These authors placed the large A atoms on special position 2(b) 
(0,0,0.5) within the channels. In our present study we have shown 
that the A atoms are incorrectly located on this site. The correct 
position for these cations is on special position 4(e) at (0,0,±z) with 
z 0.3845(7), the mirror symmetry being preserved by partial 
occupancy of the two new sites. This positional shift for the A 
cation was also found from an X-ray study of a monoclinic hollandite 
by Cadee and Verschoor (1978) and a small shift (22% x c) was 
proposed for the tetragonal hol landite K1 . 54Mg 0 . 77 Ti 7 . 230 16 by 
Beyeler (1976) from an analysis of the supplementary diffuse spectra. 
The A atom in this position is enclosed by eight 0(1) atoms, four at 
0 0 
a distance of 2.787 A and four at ·a distance of 3.126 A. Four more 
0(2) atoms surround the A cation in the z = 0. 5 plane, however, 
0 
these lie at a greater distance of 3.397 A. 
The coordination of the A cation 1s thus considered to be 
essentially eight-fold, although the four 0(2) atoms will exert a small 
attractive force since they occupy spaces between the 0(1) framework 
in a different plane. 
For the A atoms to move along these channels involves passing 
through the square planar arrangement of 0(1) atoms above or below 
the 4(e) site (Fig. 3). The size of the window defined by this 
oxygen framework and through which the Ba ions would have to pass 
is much smaller (half the diagonal distance across the window is 2.55 
0 O 
A) than the sum of barium plus oxygen ionic radii (2.82 A Shannon 
and Prewitt, 1969). This 11 cage-like 11 arrangement of the 0(1) and 
0(2) atoms around the A cations effectively immobilize the large 
radwaste elements such as Ba, Cs and Rb. The effectiveness of 
these obstructions to A cation movement through the tunnels has been 
conclusively shown by the intensive leaching tests of Ringwood et al. 
(1979a). The apparent ready diffusion of the A atoms from unit cell 
to unit cell proposed by Beyeler (1976) and also by Dryden and 
Wadsley (1958) on the basis of a.c. dielectric constant measurements 
Fig. 1. Drawing ( ORTEP II, Johnson, 1976) of Ba -
hollandite viewed down the fourfold axis. 
A - Ba, Ca, Zr; B = Ti, Al, Ni; X = 0(1); 
Z - 0(2). 
Fig. 2. Drawing ( ORTEP II, Johnson, 1976) of Ba -
hollandite viewed with the c - axis vertical. 
A - Ba, Ca, Zr; B = Ti, Al, Ni; X = 0(1); 
Z - 0(2). 
40. 
can be interpreted more reasonably as the movement of atoms from 
one equivalent 4(e) site to the other across the mirror at (0,0,0.5), 
within the 0(1) framework. This is consistent with the results of 
Bernasconi et al. (1979) who found the value for the d.c. 
conductivity of K1 _54Mg 0 _77Ti 7 _23o16 to be negligible (<10-
9(ocm)- 1 ). 
The magnitude of u33 for the A cation is very much larger than 
the other atoms. Little mention of this unusually high value has been 
made elsewhere 1n the literature, although Cadee and Verschoor 
(1978) found a high value for the barium u22 in the monoclinic 
Ba0 _ 7sn 2 _6cr1 _40 8 hollandite phase and Fournes et al. (1977) also 
reported a large isotropic B parameter for Tl in the hollandite-type 
structure TIV 5s8 . This large anisotropic thermal motion, together 
with the high residual at (0,0,0.31) and (0,0,0.5) obtained from the 
difference Fourier map indicates additional position disorder such that 
the refined site is the most probable over a range. 
The Al, Ni and Ti atoms are coordinated by six oxygen atoms at 
the corners of distorted octahedra. 
randomly over special position 8( h). 
These atoms are distributed 
This site 1s capable of 
accommodating a large range of elements varying both in size and 
charge (for examples, see Cadee and Verschoor, 1978; Bayer and 
Hoffman, 1966 and Ringwood et al., 1979a). These substitutions are 
reflected in the cell volume, being smallest for the aluminium-silicon 
03 
cation combination (V = 236.3 A Reid and Ringwood, 1969) and 
increasing for combinations of cations with 
titanium-gallium hollandite (V - 298.9(2).A3 
larger ionic radii e.g. 
Cadee and Verschoor, 
1978). To accommodate cation combinations with very large ionic radii 
e.g. tin and indium (V = 353.5(2).A3 ) the hollandite structure distorts 
slightly, lowering the symmetry to monoclinic. The volume change 
from the smallest to the largest hollandite compound cited above 
represents almost a 50% increase with the symmetry change occurring 
between 290 to 300 .A3 . 
Endo et al. (1976) report a monoclinic hollandite structure for 
the phase K2cr8o16 . Conversion of the lattice parameters of this 
phase from C2/m (a= 13.820, b = 2.941, c = 9.772, f3 = 135°) to 12/m 
0 
results in the following cell edges of a = c = 9.772 A and f3 angle of 
90°. This suggests a tetragonal hollandite structure as could be 
3+ 4+ 
expected from the small ionic radii of Cr and Cr and small volume 
c280. 8 .A3 ). 
OA @z . ' Ox 
Fig. 3. Environment of the A atoms in Ba-hollandite 
(After Sabine and Hewat, 1981). 
(0,0,112) ( a ) 
! 
• o~--~•-----10..,_---1•----o 
( b) 
R1Q1 R2Q2 
e,o,___----ioe 00 eo.----10• 00 
I I I I I I I 
1 2 3 4 5 6 
Fig . 4. Schematic diagram of channels showing six unit cells 
parallel to c (a) at 50 % Ba occupancy, (b) at higher 
occupancies. •=occupied site, O = vacant site. 
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Each 0(1) atom 1s coordinated to two A atoms and three 
octahedral metal atoms. The 0(2) atoms are coordinated to three 
octahedral metal atoms only. 
As mentioned previously, a long exposure rotation photograph 
showed bands of diffuse scattering between the layer lines. This 
phenomenon has also been reported by various other investigators. 
Beyeler (1976), showed the diffuse scattering arises only from the A 
ions 1n the tunnels and has model led it on the basis of cation 
ordering within the channels. In our present case the diffuse planes 
are situated at approximately 0.33 of a reciprocal lattice cell from the 
Bragg planes, along the c-direction. 
At SC% occupancy only one A site 1n four need be occupied, that 
is, one in every two unit cells (Fig. 4a). However, at higher barium 
concentrations adjacent cells will sometimes be occupied (Fig. 4b). 
Even at concentrations lower than 50% there is a probability that this 
will occur assuming a random growth distribution of occupied and 
unoccupied cells. Since the original A site on (0,0,0.5) has now 
been split into two sites, the problem of the close seoaration of A 
0 
atoms in adjacent unit cells (2. 943 A apart in the origiral model) can 
now be more readily accommodated. If an A atom resid ,.=s 1n site R1 
(Fig. 4b), then the probability of finding an A atom at Q 1 will be 
zero due to size constraints. The prob ab i I ity of finding atoms 1n 
charge and size both Q1 and R2 will be negligible, again due to 0 
constraints (Q1-R 2 = 2.263(4)A), and at positions R1 and R2, I.e. 
one unit cell apart, will be the same as the original model. Occupied 
sites R1 and Q2 will be the most favoured when adjacent cells are 0 
occupied on the basis of both steric (R 1 -Q 2 - 3.623(4)A) and 
electrostatic considerations. The displacements of the A ions from 
their idealised sites can therefore be attributed to the mutual steric 
and electrostatic repulsion which occurs when adjacent cells are 
occupied. Using the constraint that only sites whose distance is 
greater and equal to R1 -Q2 are occupied, then variable repeat 
distances are attainable i.e. the stoichiometry of the crystal varies 
along the channels. It is only by examining the diffuse scattering 
that the true ordering/disordering pattern of the A atoms will become 
known. 
The maximum + composition of the large univalent cations Rb and 
these channels corresponds to full occupancy ( Bayer and 
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Hoffman, 1966). Although these cations are somewhat larger than 
sa2+, the repulsive force has decreased thus enabling these atoms to 
be stable on sites at one unit cell distance apart. This implies a 
possibility that at full or near full occupancy, the univalent cations 
could conceivably be placed on special position 2(b) (0,0,0.5) as 
found for K2cr8o 16 ( Endo et al., 1976). On the other hand, Beyeler 
(1976) has proposed a shift from the (0,0,0.5) position for K+ in 
K1 . 54Mg 0 _ 77 Ti 7 . 230 16 hollandite, although in this structure the A site 
+ is only partially occupied. In the case of Cs , Bayer and Hoffman 
(1966) produced only non-stoichiometric phases of CsxAlx Ti 8 _xo16 . 
They concluded that the ionic radius of Cs+ is too large for every 
unit cell to be occupied. Ringwood et al. (1979a) have shown cesium 
to readily replace barium 1n BaAl 2 Ti 6o 16 hollandite forming an 
extensive solid solution series. 
The microprobe analyses of the Ba-hollandite show the barium 
composition to extend over a wide range with x varying from 0.3 to 
1. 2, 1n agreement .with Dryden and Wadsley (1958). This upper 
barium composition is also within the theoretical maximum value of x 
(= 1.33) using the model in Fig. 4b and assuming that during growth 
there was always a Ba atom available to occupy a vacant site and that 
only steric a1,d charge constraints prevented it from doing so. 
These formul~e however, do not follow the general stoichiometry 
of although each individual charge gave 
homogeneous analyses. Furthermore, the X-ray powder photographs 
showed typical hollandite-type patterns. Interpretation of these 
analyses is made difficult by the overlap of the Bala and TiKa lines, 
resulting in large errors (± several percent) for the weight percent 
of these elements. Thus, the compositions presented here should 
only be used as a guideline, and are not necessarily inconsistent with 
hollandite stoichiometry. 
Both X-ray photographs and microprobe analyses confirmed the 
presence of additional phases of rutile, Al 2 Ti05 and a Ba, Ti, 
aluminate co-existing with Ba-hollandite. 
The Na analogue of this series, i.e. Na (Al Ti 8 )016 , behaves X y -y 
differently to the other large cations, in forming the Nax Ti02-type 
structure (Bayer and Hoffman, 1965). However, sodium combines 
with manganese to form the mineral manjiroite, 
(Nao_ 73 K0 _22 )(Mn7 _46Mn 0 _34 )o16 .1.6H 2o, (Nambu and Tanida, 1967), 
which is isostructural with hollandite. 
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In a previous study of the hollandite-type phase BaA1 2Ti 6o16 
(Sinclair et al., 1980: Ch 7. ), it was found that the large A cation, 
Ba, was displaced off its ideal site of (0,0,0.5) within the tunnels of 
the structure. This effect was attributed to the size and charge of 
the barium atoms. The analysis also demonstrated the ability of the 
structure to immobilize large radioactive waste elements when used as 
a constituent phase of a synthetic rock (SYNROC) (Ringwood et al., 
1979a,b). Recently, Bursill and Grzinic (1980) reported similar 
conclusions after electron microscope examination of the 
hollandite-type phase Ba Ti 8 Mg 0 16 . Post et al. (1980) have also X -x X o 
reported, 1n abstract form, a displacement of Ba of 0.6 A from the 
ideal site in the mineral h_ollandite, BaxMn 8o16 , from a single crystal 
X-ray structure analysis. The position of potassium 1n cryptomelane, 
however, did not show a similar displacement. 
The mineral priderite occurs 1n the leucite-lamproites from the 
west Kimberley area of Western Australia (Norrish, 1951; Pricier, 
1960; Gupta and Yagi, 1980). The mineral 1s a close natural 
analogue to the synthetic Ba hollandite-type phase, and contains both 
K and Ba 1n the tunnel sites. The present study has been 
undertaken in order to gain further information on the location and 
environment of the large A cations 1n natural specimens. The 
information so obtained will have a direct bearing on the ability of 
synthetic 11 hollandite 11 to immobilize large elements of varying size and 
charge. 
* Sinclair, W. and McLaughlin, G.M. (1982). Acta Cryst., B38, 
(in press). 
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EXP ER I MENTAL 
Grains of priderite were separated from the leucite-lamproites 
obtained from the west Kimberley area, Western Australia. The 
chemical analysis of several grains are given in Table 1. Preliminary 
X-ray investigations to check for twinning, orientation and space 
group extinctions were made using precession and Weissenberg 
photographic techniques. These photographs displayed Laue 
symmetry 4/m and revealed systematic absences for reflections of the 
type h+k+I = 2n + 1, confirming the space group as 14/m, 14 or 14. 
Long-exposure oscillation photographs C- 24 hr) taken with the c-axis 
as rotation axis (Moka) show extra diffuse spectra (Fig. 1) between 
the Bragg layer lines. The location of thes~ extra planes 1s very 
similar to those found by Sinclair et al., (1980), and 1s indicative of 
positional disorder of the large cations within the tunnels. 
TABLE 1 . 
Electron-microprobe analyses and calculated atomic formulae of 
priderite. (N.G. Ware, analyst). 
1a 2 3 
TiO~ 72.0 75.8 75.·2 
FeO 10.6 11 . 1 10.2 
MgO 1. 2 1. 3 1 . 5 
Bao 7.6 4.6 6.0 
K2o 7.5 6.9 7.5 
Ti 6.84 6.94 6.91 
Fe 1 . 12 1 . 13 1.04 
Mg 0.23 0.24 0.27 
Ba 0.37 0.22 0.29 
K 1. 21 1.07 1. 17 
0 16 16 16 
a 
Crystal used in refinement. 
b Al I iron assumed FeO. 
A rectangular crystal with dimensions of 0.04 [1 (001)] x 0.04 [1 
(110)] x 0.12 [1 (110)]mm, was chosen for intensity data collection. 
'~, 
\1 . ' h .. 't' • 'H \ litt ~ ., • H 
,. ., .. 
• 
. . , ..........  ~ "' ~- " . 
Fi g.l. Long exposure oscillation photograph of a priderite crystal mounted along t he c-axis. 
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The grain was mounted along the c-ax1s on a Picker FACS-1 
four-circle diffractometer. Unit cell and crystal orientation matrix 
were obtained by least squares analysis of twelve carefully centred 
reflections having 28 values between 68 and goo, using 
0 
radiation (A = 0. 70926 A). The eel I dimensions, together with other 
crystal data are given in Table 2. 
TABLE 2. 
Crystal data for priderite. 
Tetragonal, 14/m (No. 87) 
0 0 
a = 10. 140( 1) A c = 2. 965( 1) A 
03 
V = 304.9(1) A Z = 1 
D =4.0Mgm-3 µ(MoKa)=7.28mm- 1 
C 
Intensities for 1356 reflections having 28 values between 3 and 
-120° were collected by the 8-28 continuous-scan technique using MoKa 
0 
radiation (.\=O. 71069A) 
monochromator (28 =12.12). 
m 
reflected 
Stationary 
from a 
background 
graph ite-crysta I 
counts of 10 
seconds du ration were made at each extreme of the scan range. The 
data were corrected for absorption, sorted, averaged and reduced to 
structure amplitudes in the usual way (see Ferguson et al., 1979). 
Reflections for which 1/cr( I) < 3.0 were discarded as being 
unobserved. A total of 987(78%) unique reflections remained. 
Transmission factors for lobs (De Meulenaer and Tampa, 1965), varied 
from 0.583 to 0.772. The statistical discrepancy value for this data 
set R (= lcr (F )/ljF I, where cr (F) = cr(l)(Lp)-1/2IF I is the 
S SO O S O 0 
error contribution to I F jfrom counting statistics alone) is O. 028. 
0 
STRUCTURE SOLUTION AND REFINEMENT 
Scattering factors for neutral atoms as wel I as corrections for 
anomalous dispersion were taken from International Tables for X-ray 
Crystallography, Vol. 4 (1974). Initially, a 3-dimensional difference 
Fourier map was calculated using only phases derived from the Ti/Fe 
and the two oxygen positions. This showed a region of residual 
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electron density centred about ( 0, 0, 0. 5) and elongated para I lei to the 
0 
c-axis by ,.., 1.5 A. This suggested that some of the large cations 
(K,Ba) reside on (0,0,0.5) while the rest occupy a range of positions 
on either side. Refinement proceeded using three models. Firstly, 
potassium and barium were placed on site 4( e) at ( 0, 0, ±z). 
Secondly, these atoms were placed on 2(b) at (0,0,0.5) and thirdly, 
potassium (A) was placed on (0,0,0.5) and Ba(A1) on (0,0,±z). 
Table 3 summarizes the final residual values for these models. The 
decrease 1n the value of R of model 3, compared to model 1, is highly 
significant (Hamilton, 1965). A secondary extinction correction 
(Zachariasen, 1963) was also included at the final stages of 
refinement. Atomic parameters for model 3 are given in Table 4 and 
oond lengths and angles are given in Table 5. A listing of structure 
Appendix E. No serious factors 1s given 
w(IFol-lFcl )2 on F or on sin8/,\ was observed. 
0 
deviation of an observation of unit weight was 1. 95. 
Several other refinements, varying the type and 
dependence of 
The standard 
composition of 
the A and A1 site, were also attempted. An improvement 1n the R 
factor did not result for any of these arrangements, although when 
Ba was placed on (0,0,0.5) and K on (0,0,±z) the values for the 
residuals were close to the values obtained in model 3. This was 
expected, since the composition of priderite 1s such that the 
scattering power of 1.2x K and 0.4x Ba is similar (,..,11 e). The 
results of previous investigations suggested that this model was 
highly improbable and was subsequently discarded. 
DISCUSSION 
The structure of priderite is essentially that reported by Sinclair 
et al. (1980). In priderite, however, potassium has been found to 
occupy the ideal site (0,0,0.5) and the 
off-centred site at (0,0,±z). Although 
barium atoms occupy the 
this model gave the best 
agreement factor ( R) in the least squares refinement, some mixing of 
potassium and barium on either site cannot be ruled out. Potassium 
has been found to be displaced from (0,0,0.5) 
K1 _54Mg 0 _77Ti 7 _23o16 (Beyeler, 1976) and the large u33 co.26) 
parameter reported for K1 . 8 V 80 16 (Abriel et al., 1979) with potassium 
on (0,0,0.5), also suggests an off-centred site. The high value of 
U33 (0.17(2)) for the barium atom indicates additional positional 
Table 3. Residual values for priderite. 
Model K Ba R R a w 
1 0,0,±zb 0,0,±zb 0.061 0.079 
2 0,0,\ 0,0,\ 0.061 0.079 
3C 0,0,\ 0,0,±z d 0.052 0.068 
(a) The weight of an observation w(hkl) 1/ 2 = a 2 where a 2 = 
l {of + 0.25[0.04(F0 )] 2 }~ 
(b) z = 0.49(2) 
(c) Secondary extinction 
(d) z = 0.327(6) 
-4 
= l.6(5)xl0 
******************************************** 
Table 4. Final atomic and thermal parameters for priderite 
with e.s.d. 'sin parentheses. 
0 Site X/A Y/B Z/C Beq (A 2) 
A 2(b) 0.0 0.0 0.5 2.07 
A(l) 4(e) 0.0 0.0 0.327(6) 6.67 
B 8(h) 0.3514(1) 0.1677(1) 0.0 0.61 
0(1) 8(h) 0.1553(2) 0.2040(2) 0.0 0.49 
0(2) 8(h) 0.5407(2) 0.1652(2) 0.0 0.63 
Ull U22 U33 Ul2 
A''-
" 0.015(1) 0.015(1) 0.049(3) 0.0 
A(l)·k 0.040(2) 0.040(2) 0.173(22) 0.0 
B 0.009(1) 0.009(1) 0.006(1) 0.0 
0 (1) 0.007(1) 0.006(1) 0.006(1) 0.0 
0 ( 1) 0.008(1) 0.009(1) 0.007(1) 0.0 
,•-u 
" 1 2 = U13 = U23 = 0.0, U 1 1 = U22 
others U 1 3 = U23 = 0.0, from symmetry constraints. 
0 
Table 5. Interatomic distances (A) and angles ( 0 ) of priderite 
A - 0(1) 
A - 0(2) 
Al - 0(1) 
Al - 0(1) 
Al - 0(2) 
B - 0(2) 
B - 0(2) 
B - 0(1) 
B - 0(1) 
B - B 
with e.s.d. 'sin parentheses. 
2.992(1) 
3.420(2) 
2.775(7) 
3.28 (1) 
3.457(3) 
1.920(2) 
1.971(2) 
1.974(1) 
2.023(2) 
2.965(1) 
8x 
4x 
4x 
4x 
4x 
lx 
2x 
2x 
lx 
0(1)-A-0(1) 59.39(4); 75.79(2) 
120.60(4); 104.21(2) 
180.00 
0(1)-Al-O(l) 139.1(7) 
82.9(3) 
57 .9(1) 
163.0(6) 
102.3(2) 
105.0(5) 
68.3(3) 
0(2)-B-0(2) 94.4(1) 
97.5(1) 
0(2)-B-0(1) 92.5(1) 
170.3(1) 
82.1(1) 
173.1(1) 
92.0(1) 
0(1)-B-0(1) 97.4(1) 
81.2(1) 
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disorder and 1s similar to that found for Ba 1n the synthetic Ba 
hollandite-type phase. 
The cage of oxygen atoms which surround the A and A1 (K, Ba ) 
atoms has expanded slightly in comparison to the synthetic Ba 
hollandite-type phase. The diagonal distance across the square 
0 
planar arrangement of 0( 1) atoms has now increased by O. 11 A to 
0 
5.208A. This value is small in comparison to the sum of the A 
cations and oxygen radii, and should act as an effective barrier to 
the movement of the large rad waste elements. 
These results have a direct bearing on the ability of the 
synthetic Ba hollandite-type phase, used in SYNROC, to accept and 
immobilize the large cations present in high level nuclear wastes. In 
particular, the analysis of priderite has shown that two large cations, 
Ba and K, possessing different 1on1c charge are successfully 
accommodated in specific sites within the tunnels. Recently, similar 
results relating to the K and Ba positions 1n priderite have also been 
reported, in abstract form, by Post et al., (1981). These authors 
found that the tunnel cations occupied sites at ( 0, 0, 0. 47) and 
(0,0,0.34) for K and Ba respectively. In comparison to the synthetic 
Ba hollandite-type phase, the priderite structure has remained 
virtually unaltered by the addition of potassium into the channel 
sites. 
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Zirconolite (CaZrTi 2o7 ) and perovskite (CaTi03 ) are used in the 
SYNROC process for the immobilization of elements occurring 1n 
high level nuclear wastes ( Ringwood et al., 1979a,b). The 
radioactive wastes are incorporated into the crystal structures by 
forming dilute solid solutions with the SYNROC phases. The waste 
elements are tightly bound within the crystal lattices and are 
extremely resistant to leaching by hydrothermal solutions. 
These experiments, however, do not take into consideration the 
important effects of nuclear radiation arising mainly from alpha-decay 
of the actinide elements. Alpha particles emitted by these elements, 
notably neptunium, plutonium, americium, and curium isotopes, are 
associated with a recoil of the nucleus. The displacements due to the 
recoil may cause considerable damage to the lattice and decrease the 
stability of the synthetic phases. The alpha emitting elements are 
strongly partitioned into zirconolite and perovskite and these crystals 
will therefore be subjected to most of the alpha-recoil damage. 
We have assembled a collection of naturally occurring samples of 
zirconolite and perovskite containing the alpha emitting elements 
uranium and thorium. The cumulative radiation doses received by 
these minerals have been calculated and cover a considerable range 
from 1.0 x 1018 to 1.1 x 1020 alphas per gram ( Oversby and 
Ringwood, 1981). In this paper we describe the effects of increasing 
doses of alpha radiation on the crystal structures of these minera l s 
using X-ray diffraction and electron microscopy techn iques. 
* Sinclair, W. and Ringwood, A.E. (1982). Geochem. J. ( in press). 
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Reeve and Woolfrey (1980) have approached the same problem by 
irradiating SYNROC mineral assemblages with fast neutrons to simulate 
alpha particle and actinide recoil damage. Their results form a 
complementary study and will be discussed later. 
PREVIOUS STUDIES OF RADIATION DAMAGE IN MINERALS 
Many other phases have also been examined for the effects of 
radiation damage. Pyatenko (1970) has suggested that as minerals 
(including zirconolite) become metamict there 1s a breakdown of the 
crystal structure leading to a segregation of new phases on a very 
small scale. These new phases may represent component oxides or a 
more complex configuration of ions. 
Extensive studies previously carried out on zircon (ZrSi04 ) have 
led to several differing conclusions. Holland and Gottfried (1955) and 
Pellas (1965) invoked a multistage process occurring with increasing 
radiation dose. Bursill and McLaren (1966) have supported this 
multistage process and provided evidence from electron microscopy for 
the existence of small crystallites of zircon, even in the metamict 
c:;tate. Pellas (1965) concluded that zircon ultimately decomposes to a 
r,1ixture of its component oxides, Si02 + Zr02 . Wasilewski et al. 
(1973) have supported these conclusions from infrared absorption 
spectral studies. 
Alternatively, Vance and Boland (1975) and Vance (1975) have 
suggested a progressive disordering of the lattice with increasing 
radiation dose. These authors did not find a second new phase for 
zircons as suggested by Holland and Gottfried (1955) nor the 
breakdown of the lattice into its component oxides. The conclusion of 
progressive lattice disorder was also made by Vance and Boland 
(1978) in studies of Zro2 . 
More recently, Cartz and Fournelle (1979) did not observe a 
breakdown of ZrSi04 into its component oxides in the metamict state. 
Furthermore, the authors supported the conclusion that the ability for 
a material to become metamict was strongly dependent on the crystal 
structure. The fact that the mineral thorianite Th02 (whose 
fluorite-type structure is the parent structure of zirconolite) is not 
found to be metamict in the natural state was said to be explained by 
this hypothesis. 
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Comes et al. ( 1967) have reported the effects of fast neutron 
irradiation on single crystal quartz. These authors observed a 
gradual breakdown of the structure into a heterogeneous mixture of 
. d. . ( 1020 crystalline and metamict areas. After very strong 1rra 1at1on > 
2 
neutrons/cm ) the crystal becomes entirely metamict and exhibits a 
diffuse diffraction ring on X-ray photographs. They concluded that 
the SiO 4 tetrahedra remain nearly undamaged during irradiation. In 
contrast, the ionic crystal Li F remains nearly undistorted when 
subjected to radiation damage. 
PRESENT INVESTIGATION 
In view of the variety of conclusions existinr in the literature, 
it seemed possible that an independent detailed study on new mineral 
types such as zirconolite and perovskite may provide the necessary 
information to resolve the effects of large doses of nuclear radiation. 
Moreover, since these minerals are key components of SYN ROC, the 
information so obtained should have an important bearing on the 
long-term behaviour of SYN ROC after incorporation of high level 
nuclear reactor wastes. 
Zirconolite, CaZrTi2o 7 , 1s closely related to the fluorite-type 
(CaF2 ) structure (Pyatenko and Pudovkina, 1964; Rossell, 1980a,b). 
It can be derived from the simple lattice by distortion of the parent 
cubic cell and ordering of the cations. The structure so derived 1s 
monoclinic and has eight times the volume of the original cube. 
Perovskite (CaTi03 ) is orthorhombic consisting of a 3-dimensional 
framework of corner-joined Tio6 octahedra with Ca atoms occupying 
the spaces between them. In nature, perovskite shows a considerable 
range of ionic substitutions. The rare earths and alkalis commonly 
replace calcium while small sized cations such as niobium and tantalum 
replace titanium. 
The ability of these minerals to accommodate a large range of 
elements in their crystal structures is of primary importance to their 
inclusion 1n the SYN ROC process. 
RADIATION DOSE AS A FUNCTION OF SYNROC AGE 
The SYNROC process proposes to incorporate 10% of high level 
radioactive wastes as dilute solid solutions in the constituent minerals. 
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Zirconolite and perovskite strongly partition the actinide elements 
present in the waste, and will therefore absorb most of the 
alpha-recoil damage. To evaluate the effect of alpha-recoil on these 
phases, Oversby and Ringwood (1981) have calculated the cumulative 
alpha dose per gram of SYNROC mineral as a function of time. 
Figures 1 and 2 from Oversby and Ringwood (1981) show the 
variation of radiation dose with age for SYNROC containing 10% of 
high level wastes. 
The radiation dose received by the natural zirconolite and 
perovskite samples can be calculated from their age and U and Th 
concentrations. The dose, in alphas per gram, can then be directly 
related to the age of a SYNROC sample containing 10% high level 
waste which would have received a similar radiation dose. The 
samples described in the fol lowing sections have been placed on the 
SYN ROC curves. 
EXP ER I MEN.T AL 
A suite of natural samples was examined using X-ray diffraction 
and electron microscopy. The X-ray diffraction techniques included 
single crystal precession, rotation and Weissenberg photography, and 
Debye-Scherrer and Guinier powder photography. The minerals were 
analysed using an energy-dispersive electron microprobe (N. Ware, 
analyst) and the analyses are given in Table 1. 
The natural crystals were first examined under a binocular 
microscope for any sign of impurities. These were sometimes difficult 
to detect as zirconolite was often associated with phases of similar 
appearance, such as calzirtite (Ca2zr5 Ti 2o 16 ) and baddeleyite 
(Zro2). The presence of calzirtite was particularly troublesome as its 
powder diffraction pattern has a similar appearance to the main 
subcell reflections of zirconolite. Calzirtite is, in fact, a closely 
related phase of similar chemistry, being derived from the same cubic 
CaF2-type structure as zirconolite. In these cases the crystal or 
fragment was examined by mounting either on a silica glass fibre or 
on adhesive tape and examined under the microprobe. This quickly 
established the identification and purity of the crystal concerned. 
The samples were then heated at 400°C and 700-800°C for 
periods of 1 to 2 hours. Again both powder and single crystal 
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TABLE 1. OiEMICAL COMPOSITIONS OF ZIRCONOLITES AND PEROVSKITES 
Zirconolites Perovski tes 
Germany Brazil Norway Sri Lanka Sri Lanka Sri Lanka Lovozero 
Kaiserstuhl Jacupiranga Stavern Larvik Russian A (B20392) (83800) (SL3-12) (loparite) 
Nb205 15.6 11. 3 15 .10 8.03 4.6 3.6 3.9 <0.2 6.7 
Ta2o5 1. 2 0.2 1.15 0.69 <O.l - - <0.1 I 0.1 
Ti02 20.9 24.3 18.44 27.00 35.4 28.0 27 .0 36.5 I 48.1 
Zr02 34.8 35.2 29.52 31.40 36.5 30.9 30.4 38.6 
Th02 2.9 6.6 3.98 4.11 1.2 20.5 21. 8 0.9 I 0.2 
uo 2 1. 5 0.4 1. 04 1. 27 0.5 2.1 1. 7 4.6 I <0 .1 
FeO* 7.8 7.2 7.99 6.88 5.0 3.1 4.0 3.4 I -
MnO 0.2 0.2 0.70 0.48 <0.1 
- 0.2 0.2 
MgO 0.3 0.4 - - - 2.4 2.5 0.6 
cao 12.1 11. 5 7.82 9.15 15.1 7.9 7.7 12.1 5.9 
SrO - - - - - - - - 3.8 
Na20 - - - - - - - - 9.1 
23. 2 (Ce02 ) 
Y + REE 0.9 2.6 12.95 9.34 1.9 - - - 3.1 
-- -- -- -- -- -- -- --
TOTAL 98. 2 99.9 98.69 98. 35 100.2 98.5 99.2 97.1 100.2 
~ata for Stavern and Larvik supplied by A. R£heim, others are of electron microprobe analyses, N.G. Ware analyst. 
* All iron assumed to be FeO. 
Brazil 
Jacupiranga Baikal 
3.4 0.9 
0.1 <0.1 
53.3 54.6 
1.0 <0.1 
0.2 0.15 
1.6 1.1 
37.2 41.0 
0.8 <0.1 
1.6 2.2 
--
-
99.2 99.9 
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patterns were recorded. Above 800°C, heating intervals varied and 
were dependent on the results obtained at lower temperatures. The 
heating experiments were all carried out in air in unsealed platinum 
capsules. All zirconolite samples, except for the Kaiserstuhl crystals, 
changed to a brown colour when heated. This was associated with a 
change from isotropic (metamict state) to anisotropic when viewed with 
crossed nicols under the optical microscope. 
In order to detect any changes 1n lattice parameters of these 
samples, particularly the perovskites, powder patterns were obtained 
from a Guinier-Hagg focussing camera using strictly monochromated 
0 
CuKa1 radiation (A = 1. 54060 A). The photographs O were internally 
calibrated with silicon powder (SRM 640, a = 5.43088 A). A listing of 
structure factors for a synthetic zirconolite was kindly made available 
by Dr. R.J. Hill of the CSIRO, to aid in indexing the complicated 
powder patterns. The cell parameters were refined by the method of 
least squares using a computer program written by Dr. R. A. Eggleton 
for a Hewlett-Packard 9825A des.ktop calculator. Cell parameters 
calculated for 
photographs. 
natural zirconolites were obtained from precession 
The diffraction patterns were generally of poor quality 
giving comparatively large errors in the cell dimension. In one case, 
however, a faint diffraction pattern of a natural zirconolite from 
Russia was obtained from a 57. 3 mm diameter Debye-Scherrer cam2ra 
internally calibrated with Si using FeKa radiation. Diffraction 
patterns from natural Kaiserstuhl zirconolites showed little evidence of 
damage and accurate lattice parameters were obtained from these 
samples. 
Electron microscope studies were carried out under the guidance 
of Dr. John Fitzgerald using a 200 keV JEOL instrument. The 
samples were first roughly thinned by manual polishing to about 40 
µm and were then ion-thinned with 5 keV Ar ions. Other samples 
were crushed and placed onto a carbon grid. Density measurements 
were determined by the method of Archimedes, using toluene as the 
immersion liquid. 
RESULTS 
A summary of relevant information for the minerals has 
compiled 1n Table 
perovskite lattices, 
presented in Table 3. 
2. Volume 
caused by 
changes of 
the effects 
the 
of 
zi rconol ite 
alpha-recoil, 
The samples are discussed in detail below. 
been 
and 
are 
TABLE 2. SAMPLE DESCRIPTIONS 
S;unple 
ZIRCONOLITE: 
Germany, Kaiserstuhl carbonatitP 
complex 
Brazil, Jacupiranga carbonatite 
complex 
Norway, Stavern and Larvik2 
Russian A (Aldan?)3 
Sri Lanka 
PEROVSKITE: 
Lovozero alkaline massif, Kola 
peninsula (Loparite)4 
Brazil, Jacupiranga 
Lake Baikal, Tazheran 
Agel 
(my) 
16 
133 
295 
640 
550 
300 
133 
500 
Dose(a/g) 
x1ol8 
1.2 
7.6 
17. 
18. 
80-llO 
l. 3 
1.6 
2.6 
SYNROC Age 
(y) 
1x103 
4Xl05 
1x106 
1x106 
4-7x108 
2x103 
5x103 
l. 7xl0 4 
Comments 
Monoclinic structure; low 28 angle X-ray diffraction 
reflections are sharp; high angle data show broadening 
and weakening of reflections. 
See text. 
Similar X-ray observations to Brazil samples with 
presence of new orthorhombic intermediate phase at 
0 880°C: .2. = 10.08, ..Q = 14.28, .£ = 7.40A; space group 
Aba2 or Cmca. 
Similar X-ray observations to Brazil samples. 
See text. 
X-ray powder diffraction patterns show no sign of 
lattice damage. 
Sharp X-ray powder patterns. 
See text. 
1. Ages from Oversby and Ringwood (1981); Age for Lovozero loparite from Komlev et al. (1961). 
2. Samples from Norway are known as polymignite (Dana and Dana, 1944; Vlasov, 1966; Lima de Faria, 1964). 
3. Origin of sample unknown; 
(Borodin et al., 1960; 
X-ray and chemical properties suggest they originate from the Abarastakh Massif, Aldan 
Pudovkina and Pyatenko, 1966). 
4. Loparite is a variety of perovskite rich in rare earth elements. 
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Kaiserstuhl Zirconolite 
The Kaiserstuhl (Germany) carbonatite complex contains traces of 
zirconolite in a late stage vein. The estimated age of these samples 
1s 16 m. y. The grains of zirconolite vary in their U and Th contents 
from a low of 0.8% uo2 , 1.7% Tho2 to a high of 1.5% uo2 , 2.9% 
Th02 . The accumulated alpha dose received by the high uranium 18 
sample 1s 1.2 x 10 alphas per gram. The age of SYNROC which 
would have received an alpha dose equivalent to this sample would be 
3 
about 10 years (Fig. 1). X-ray diffraction of powders and single 
crystals shows this zirconolite to be well-crystallized. The X-ray 
powder data for these samples show that the fluorite-type subcell 
reflections remain constant while the reflections from the zirconolite 
superstructure decrease slightly 1n intensity with increasing alpha 
dose. This effect 1s noticeable at high 28 values, where slight 
broadening of diffraction maxima 1s also seen. Based on these 
observations, we would expect that the zirconolite superstructure 
lines would still be present at twice the alpha dose. This would 
4 
correspond to a SYNROC age of about 10 years. After annealing at 
1200°C, a slight decrease in volume of less than 1% is noted (Table 
3). 
Brazilian Zirconolite 
A small grain of zirconolite from Jacupiranga, Brazil, with an 
age of 133 m.y. contains 0.4% uo2 and 6.6% Th02 . The cumulate 
alpha dose for this sample is 7. 6 x 1018 alphas per gram, which 
corresponds to a SYNROC age of 4 x 105 years (Fig. 1). Zirconolites 
from this locality were first reported by Hussak and Prior (1895). 
The rare mineral, which they named zirkelite, occurs 1n the 
decomposed magnetite-pyroxenite of Jacupiranga, S. Paulo, Brazil. 
Our specimens were also obtained from the same area by Dr. V. 
Oversby. The minerals received little attention until Pudovkina et al. 
(1974), using Hussak 1s samples obtained from the British Museum, 
carried out chemical analyses and X-ray studies of heated specimens 
in order to establish their relationship to zirconolite. These authors 
found that in the natural state the crystals were metamict, although 
one specimen showed a faint, diffuse reflection from Laue 
photography. When heated to 800°C the samples produced cubic 
defect fluorite-type patterns with 
0 
a - 5.08 A. At 1200°C the X-ray 
TABLE 3. 
Sample: 
Gennany 
Kaiserstuhl 
Brazil 
Jacupiranga 
Norway 
Stavern 
Norway 
Larvik 
Russian A 
Sri Lanka 
(B20392} 
Sri Lanka 
(83800) 
Sri Lanka 
(SL3-12} 
Lovozero 
Loparite 
Brazil 
Jacupiranga 
Baikal 
UNIT CELL DIMENSIONS OF NATURAL Zl RCONOLITES AND PEROVSKITES 
Temperature ( °C) 
R.T. 
1200 
R.T. 
1200 
R.T. 
1300 
1200 
R.T. 
1200 
1200 
1140 
1200 
R.T. 
1200 
R.T. 
1200 
R.T. 
1200 
a(A> 
12. 544 (1) 
12.571 (2) 
5.06 
12.592 (1) 
5.10 
12.616 (2) 
12. 581 (1) 
5.03 
12.548 (1) 
12. 566 ( 1) 
12.568 (1) 
12.451 (2) 
3. 8839 (5) d 
3. 8636 (5) d 
5.4791 (6) 
5.4517 (5) 
5.4926 (5) 
5.4486 (5) 
b(Al c(A> 
ZIR CONOLI TES 
7.288 (1) 
7. 300 (1) 
7.270 (1) 
7.284 (1) 
7.264 (1) 
7.245 (1) 
7.255 (1) 
7.256 (1) 
7.243 (1) 
11.636 (4) 
11.523 (5) 
11.451 (1) 
11.424 (2) 
ll.416 (1) 
11.404 (1) 
11.432 (1) 
11.435 (1) 
11. 386 (2) 
PEROVSKITES 
7.6873 (15) 
7.6617 (10) 
7.6972 (7) 
7.6475 (7) 
5.4066 (8) 
5.3956 (5) 
5.4049 (5) 
5 . 3844 (5) 
B(•l 
100.26 (2) 
100.62 (2) 
100. 56 ( 1) 
100.60 (1) 
100.59 (1) 
100.57 (1) 
100.56 (1) 
100. 56 (1) 
100.54 (2) 
1046.7 (6) 
1039. 3 (8) 
1036 (25) 
1030.5 (3) 
1061 (18) 
1031. 9 ( 4) 
1025. 3 (3) 
1018 (6) 
1019.2 (3) 
1024.6 (3) 
1025.l (3) 
1009.5 (4) 
58. 59 (2) 
57.67 (2) 
227. 72 (8) 
225. 37 (6) 
228. 51 (6) 
224.35 (6) 
\Vol.Olange 
0.7 + 0.1 
0.5 + 2.4 
2.8+1.7 
0 + 0.6 
1.56 + 0.07 
1.03 + 0.06 
l.82 + 0.05 
Errors are given in parentheses; Cell dimensions obtained using a Guinier-H~gg focussing camera, CuK.a 1 radiation ( A=l.54060A) 
Si standard (~ = 5.43088A), unless otherwise stated; Natural Sri Lanka and Larvik crystals gave diffuse patterns. 
(a} 'leasured from precession photograph, Mo!<o radiation (A=O. 7107A}; cubic cell is 1 / 8 the volume of the monoclinic cell. 
0 (b) Cell edge derived from 57.3 fflTI Debye-Scherrer pattern, FeKa radiation (A=l.9373A); Si standard. 
(c) Vol. change obtained from density measurements using the method of Archimedes. 
0 (d) Pseudo-cubic cell edge, 114.6 fflTI Debye-Scherrer pattern, CuKo radiation (A=l.5418A). 
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diffraction pattern of the heated crystals was identified as the 
monoclinic zirconolite. 
The latter results have been confirmed by our analyses. 
However, several significant additional observations were also made. 
Firstly, the natural samples in this investigation gave cubic 
fluorite-type diffraction patterns unlike the samples studied by 
Pudovkina et al. (1974) which were metamict. Secondly, the grains 
continued to display single crystal diffraction patterns when 
reconstituted at temperatures up to 1100°C. 
X-ray precession photographs from natural single crystals of 
Jacupiranga zirconolite show a cubic cell typical of the fluorite-type 
structure. However, the diffraction spots are broader and much 
weaker than in annealed, crystalline zirconolite. The broadening 
indicates an extensive degree of metamictization according to accepted 
criteria. A standard Debye-Scherrer photograph of the powder of 
this specimen does not show distinct reflections. Broadening of the 
diffraction spots considerably reduces the accuracy of the measured 
0 
cell dimension of 5.06 ± 0.04 A. Weak zirconolite supercell reflections 
which are present 1n the monoclinic structure have completely 
disappeared. Thus, it would appear that a basic effect of the high 
radiation dose received by these crystals has been to cause a degree 
of disorder of the cations. It is important to note that these crystals 
remain sufficiently coherent to give single crystal patterns in their 
natural state. 
After heating to 400°c, the 
reflections substantially increase. 
intensities of the broadened 
The lattice remains cubic, and 
supercell reflections are absent. At 700°C, the structure continues 
to order. The cubic lattice remains intact and the diffraction spots 
become more intense and well defined. After heating to 950°C the 
basic fluorite-type cell begins to distort and ordering of the cations 
onto the monoclinic zirconolite atom positions takes place and weak 
supercell reflections appear. Although the samples have now been 
reconstituted to their premetamict monoclinic lattice, the crystals 
continue to produce single crystal diffraction patterns. This 
observation provides us with evidence that even after receiving a 
18 
radiation dose of 8 x 10 alphas per gram, equivalent to a SYNROC 
age of 4 x 105 years, the cations of this extensively metamict 
zirconolite remain structurally close to the original monoclinic atomic 
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positions. This finding is of considerable significance, showing that 
after intense radiation damage and suffering extensive metamictization, 
the lattice retains a large degree of order. 
At 1200°C the original cubic fluorite-type cell has now completely 
transformed. Diffraction patterns taken of single crystals heated to 
this temperature display sharp powder lines. This indicates complete 
recrystallization and the formation of a polycrystalline aggregate. An 
optical analysis confirmed this interpretation. The patterns obtained 
seemed at first much simplified in comparison to synthetic zirconolite 
and to samp I es which had been heated at temperatures between 1000 
and 1100°C (see Appendix F, Table F .1 for example). Pudovkina and 
Pyatenko (1966) were able to describe the simplification of X-ray 
patterns from Aldan zirconolites in terms of a distortion along the 
3-fold axis of a cube. The resultant X-ray pattern displays a strong 
hexagonal appearance while at the same time appears pseudo-cubic. 
The 11 hexagonalisation 11 of the X-ray patterns was also encountered by 
Pudovkina et al. (1974) for zirconolites from Brazil. In comparing 
the volume change, if any, of the radiation damaged natural 
zi rconolite and the same crystal reconstituted at 1200°C, an upper 
limit only will be given due to the inaccuracy in measurement of the 
o* 
natural sample. Using the maximum value of a b. = 5.1 A , a 
-cu IC 
volume increase of 2.9% is obtained; using the most probable value of 
0 
5.06 A, the volume increase would be only 0.5%. 
Preliminary electron microscopy of a natural unheated Brazilian 
zirconolite revealed that the specimen was composed of a number of 
regions with different properties. The appearance of these regions 
were similar to those described by Bursill and McLaren (1966) for 
zircon. One area of the zirconolite sample was still highly crystalline 
and gave strong extinction contours (Fig. 3). The corresponding 
diffraction pattern displayed sharp reflections of the fluorite-type cell 
and extra weak diffuse reflections. Another area 1s similar to the 
samples of stage Ill (Bursill and McLaren, 1966). This region, 
0 
Figure 4, exhibited a spotty contrast on the scale of less than 50 A 
in diameter and was tilt dependent. Extinction contours were not 
present. The single crystal electron diffraction pattern gave strong, 
slightly diffuse reflections of the cubic defect fluorite-type cell 
* The monoclinic zirconolite cell is 8 times the volume of its defect 
fluorite subcell (Pyatenko and Pudovkina, 1964). 
r ig . 3 . Dark field image and diffraction pattern of a well crystallized 
area of natural Brazil zirconolite . Beam direction along [011 ] fluorite . 
Fig . 4 . Dark field image illustrating the domain structure of natural 0 
Brazil zirconolite . The contrast is speckled on a scale of about 50 A. 
The beam direction of the diffraction pattern is along [011] fluorite. 
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observed by X-ray diffraction. The patterns also show a few very 
weak reflections, and are associated with several diffuse powder 
rings. The innermost intense ring corresponds to the d-spacing of 
the (111) fluorite-type reflection. It was noted that only the areas of 
low contrast between the small domains contributed to this ring (Fig. 
5). Still other areas of the Brazilian specimen gave only the diffuse 
powder rings already reported, and were of low contrast. These 
areas are interpreted to be the final state of radiation damage. 
0 
The d-spacing of ,_,2. 92 A of the inner ring corresponds to the 
distance between the metal-only (111) planes of the fluorite-type 
structure. In the zirconolite structure the planes which alternately 
contain Ti and Ca + Zr are derived from these close-packed ( 111) 
fluorite-type planes. Thus, even 1n the metamict state the cations 
within these planes still retain a short range periodic arrangement. 
It is now obvious that the Brazilian zirconolite crystals break down 
into domains possessing an orthogonal lattice. These domains become 
smaller and only the cubic defect fluortie-type subcell reflections 
remain visible. The domains then grade into regions of featureless 
material. These areas retain a degree of short range order and 
continue to display a strong (111) fluorite-type reflection. 
In order to ascertain if the crystal had segregated into several 
new phases such as its component oxides, as suggested by Pyaten ko 
(1970), large areas of the specimen were moved under the electron 
beam. The cubic subcel I did not change and remained orientated 
throughout the procedure. 
present. 
Norwegian Zirconolite 
No other phases were observed to be 
Two samples of polymignite (Lima de Faria, 1964) were obtained 
from Norway. They are distinguished by their localities, one being 
labelled Knapliveien, Stavern and the other Skneppestad, Larvik. 
Both specimens have received similar radiation doses of 1. 7 x 1019 
alphas per gram. This 1s equivalent to just greater than 106 
SYN ROC years (Fig. 2). Single crystal diffraction studies of the 
natural Stavern crystals gave the fluorite-type pattern. On heating 
to 880°C, it became apparent that two types of crystals were present. 
One variety was translucent, 
lustre while the other was 
reddish in colour and had a vitreous 
golden brown. Single crystal X-ray 
patterns of crystals which were reddish 1n colour gave a new 
Fig.5. Dark field image of a sector of the (111) powder ring of Fig. 4. 
Only areas of low contrast in Fig. 4 contribute to the powder ring. 
O~m 
I 
Fig.6. Bright field image of sample 83800. The crystallites (~ 140 i 
in diameter) are randomly orientated giving rise to the sharp defect 
fluorite-type pattern. 
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orthorhombic cell with the following approximate dimensions: a --
-0 
10.08, b - 14.28, C - 7.40 A. The space group of this mineral IS - -
-
either Aba2 or Cmca. The new phase IS closely related to monoclinic 
zirconolite and is obviously another distortion of the CaF 2-type parent 
structure. 
At 1200°c, the orthorhombic lattice transforms to the 
11 hexagonalized 11 zirconolite and continues to give a single crystal 
pattern. The presence of weak superstructure reflections within a 
defect fluorite sublattice of the low temperature intermediate phase 
suggests that the cations remain close to their ordered atomic 
positions in the metamict state. Presumably, a similar process to that 
found for the Brazilian sample occurs. The crystal transforms to 
domains of an ordered orthorhombic structure. The domains become 
smaller and fewer and thus produce weaker X-ray diffraction 
patterns. 
The X-ray photographs from fragments of the brown material 
heated to 880°C produced only powder patterns. The pattern was 
identified as the cubic CaF 2-type. At 1100°C, the crystals gave a 
11 hexagonalized 11 zirconolite pattern identical to the red crystals plus 
several extra strong lines. These lines could not be indexed on the 
zirconolite monoclinic cell. The mean volume change of the red 
crystal is 2.8%. This value is close to the maximum volume expansion 
measured for the Brazilian zirconolite. 
Single crystal patterns of the Larvik minerals produced only 
diffuse powder rings. The crystals obtained after heating at 800°C 
were similar in appearance to the red translucent minerals described 
above. Guinier patterns taken after heating to 1200°C for 2 hours 
gave a 11 hexagonalized 11 zirconolite pattern. It is therefore assumed 
that polymignite is in fact zirconolite containing a high amount of rare 
earth elements. 
Russian Zirconolite 
Several Russian zirconolite samples were also examined. At the 
present time the origin of these crystals is unclear although their 
chemical and X-ray properties suggest they originate from the 
Arbarastakh Massif, Aldan. Lead isotopic studies (Oversby and 
Ringwood, 1981) show an age of 650 m. y. These samples ( Russian A, 
Fig. 2) have accumulated a dose of 1. 8 x 1019 alphas per gram which 
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1s slightly more than the total alpha dose received by SYNROC in 106 
years. Precession photographs of these single crystals show the same 
cubic defect fluorite-type diffraction pattern as displayed by the 
natural Brazilian zirconolites. Heating these samples we note similar 
changes to their single crystal diffraction patterns as previously 
described for the Brazilian samples. This sequence of events, 
including diffraction 1n the natural state, was also observed by 
Borodin et al. (1960) and Pudovkina and Pyatenko (1966) on samples 
from Aldan. 
The lattice parameter given 1n the natural state was obtained 
from a 57. 3 mm Debye-Scherrer camera. On comparison with the same 
sample heated, a maximum of 0.6% increase 1n volume is noted. 
Diffraction lines and spots from these crystals were unusually sharp 
although very weak. Pudovkina and Pyatenko (1966) observed similar 
patterns and made the following comment: "We then can assume that 
the reflections are not due to highly dispersed crystalline particles, 
but to a small number of rather large sections with crystalline 
structure". Thus, the very high alpha dose is still not sufficient to 
cause these samples to become metamict. 
Sri Lanka Zirconolite 
Zirconolites from Sri Lanka were first described by Blake and 
Smith (1913). These crystals had typically accumulated large 
19 
radiation doses 1n excess of 8 x 10 alphas per gram. This 1s 
equivalent to a SYN ROC age greater than 4 x 108 years (Fig. 2). 
X-ray photographs indicated that these minerals were completely 
metamict. The powder patterns gave only diffuse rings. Electron 
microscopy of sample 83800 displayed regions similar to those of the 
Brazilian zirconolite. One grain (Fig. 6) contained small crystallites 
0 
of about 140 A 1n diameter, 1n random orientations. The 
corresponding diffraction pattern gave a sharp spotty powder 
photograph identified as the cubic defect fluorite-type pattern. This 
observation 1s of considerable significance. The radiation dose 
accumulated by the sample is 6 times higher than the expected dose 
received by zirconolites in SYNROC containing 10 percent high level 
waste and stored for 106 years. The specimen, however, sti 11 
contains areas of crystalline material. Other grains (Fig. 7) were 
composed of featureless regions and the corresponding diffraction 
O·lµm 
I I 
Fig.7. Electron micrograph of the featureless areas of sample 83800. 
The corresponding diffraction pattern displays diffuse rings which 
approximate the cubic defect fluorite-type pattern. The centre rings 
have been over-exposed in order to show the outer ring (0). 
~ 
·-Cl) 
C (1) 
~ 
C 
-
0 0·5 1·0 1 ·5 
Fig.8. Densitometer trace across the diffraction pattern in Fig.7. 
The three rings marked I, Mand O correspond to combinations of 
defect fluorite-type powder rings. 
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patterns (Figs. 7 and 8) contained only diffuse powder rings. The 
innermost ring (I) is equivalent to the combination of the (111) and 
(200) reflections of the cubic fluorite-type structure. Similarly, the 
next ring away from the centre (M) corresponds to the (220), (311) 
and (222) fluorite-type reflections. 
Heating to 700-800°C for two hours caused the cubic defect 
fluorite-type powder pattern to appear. After further heating to 
1100-1200°C, the X-ray patterns corresponded to the monoclinic 
zi rconol ite. Two samples, 
11 hexagonal ized II zi rconol ite 
numbers 83800 and B20392, gave the 
pattern while sample SL3-12 produced a 
monoclinic pattern similar to a pure synthetic zirconolite. All of the 
specimens reconstituted as polycrystalline material. 
The value obtained from the density measurement of sample 
SL3-12 1n the natural state was 4.39 Mg/m3 . After reconstituting the 
3 
specimen at a temperature of 1300°C, a value of 4.50 Mg/m was 
measured. This represents a 2.5% decrease in density which is quite 
small considering the extremely high alpha dose this mineral has 
received. The density change calculated here is also close to the 
highest value obtained from the Jacupiranga zirconolites using X-ray 
methods. 
Lovozero Loparite 
The samples of loparite, a perovskite-type mineral containing 
large amounts of cerium and niobium, were obtained from the Lovozero 
alkaline massif of the Kola Peninsula. The U and Th contents of the 
Iopa rite samples are 30 ppm and 2000 ppm respectively. 
For an age of 300 m.y. (Komlev et al., 1961), an alpha dose of 
18 1.3 x 10 alphas per gram would have accumulated for the loparite 
sample. The corresponding age for SYNROC at this dose would be 2 
3 
x 10 years (Fig. 1). X-ray powder photographs reveal that the 
loparite crystals have not suffered any perceptible radiation damage 
to their crystal structure. The powder lines are sharp, and at 
angles of high 28, the a 1 and a2 peaks are clearly resolvable. On 
annealing loparite at 1200°C, a slight decrease in d-spacings occurs, 
equivalent to an increase in density of 1. 6% (Table 3). 
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Jacupiranga Perovskite 
Jacupiranga perovskites contain concentrations of uranium and 
thorium which range from a high of O. 3% uo2 and 1. 6% Th02 to a low 
of 0.1% uo2 and 0.5% Tho2 . Using the average values of 0.2% UO§ 
and 1.0% Th02 , the calculated dose for these samples is 1.6 x 10
1 
3 
alphas per gram. This corresponds to a SYNROC age of 5 x 10 
years. X-ray powder pattern reflections of this mineral were only 
slightly broadened in the natural state. After heating at 1200°C for 
two hours a sma II decrease in volume of 1 . 03 ± 0. 06% occurs. 
Baikal Perovskite 
Although this sample has received a higher alpha dose than the 
loparite, the X-ray powder patterns are extremely sharp with no 
indication of lattice damage. Comparison of these X-ray patterns with 
those of Kaiserstuhl zirconolite indicates that the perovskite mineral is 
even more resistant to radiation damage than zirconolite. The volume 
expansion obtained for this sample, 1.82 ± .05%, compares favourably 
with the results of Reeve and Woolfrey (1980). These workers 
reported an increase in volume of approximately 2.6% for synthetic 
perovskites irradiated with fast neutrons for a period of time 
equivalent to a SYNROC age of 10,000 years. Although this dose was 
accumulated in · 22 days, ~he above results support the relevance of 
accelerated irradiation testing. 
The volume changes reported here are quite small in relation to 
the alpha dose received and demonstrates the structural stability of 
perovs kite. These results suggest that both for zirconolite and 
perovskite most of the lattice expansion occurs after a relatively small 
radiation dose. After lattice expansion of less than 3 percent there 
is little further expansion even for very large alpha doses. 
RELATIONSHIP BETWEEN CALCULATED AND MEASURED DENSITY 
Most of the density changes reported within this paper are based 
on values calculated from X-ray volumes. It 1s known that the 
calculated density (X-ray) does not always agree with the measured 
density (Archimedes method) of some irradiated materials (Budylin 
and Vorob 1ev, 1964; Hickman et al., 1965). The following examples, 
however, show that the calculated density changes of zirconolite and 
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perovskite should reflect the measured densities within the range of 
values reported. 
Howard and Sabine (1974) have described the difference between 
the densities of 1on1c compounds obtained from these different 
techniques by closely studying the behaviour of irradiated MgO. 
They found that with increasing radiation dose, the (200) Bragg peak 
of MgO initially shifts to a lower 28 angle 1n agreement with the 
corresponding directly measured density. At higher doses the 
reflection is associated with a diffuse component skewing the peak 
profile on the high angle side. The diffuse component is caused by 
defects which occur on irradiation and eventually it dominates the 
powder profile. 
The value of the X-ray density at this stage is close to that of 
the unirradiated crystal. Hence, the use of diffuse peak positions 
for calculating the density of highly irradiated simple ionic compounds 
would lead to incorrect values. 
Calculated and measured densities of complex compounds 
containing a degree of covalent bonding appear to behave differently 
to those of the simple 1on1c materials. Results of Comes et al. (1967) 
and Wittels (1957) from fast neutron irradiated oi-quartz show that the 
X-ray volume agrees with the measured volume after receiving a 
r·ddiation dose of approximately 3 x 1019 neutrons/cm2 . This 
corresponds to a 2% reduction 1n density. At higher doses, the 
volume determined by X-rays 1s found to be greater than the 
measured volume. Pronounced skewing of certain Bragg reflections 
towards the high angle side is evident from the figures presented by 
Wittels ( 1957). The author notes, however, that if the mean 
positions, rather than the peak positions, of a sample irradiated with 
19 2 
8 x 10 neutrons/cm are used to determine the lattice constants, 
then the ratio of X-ray to directly measured volume is reduced from 
1.48 to 1.14. Thus, the deviation of the calculated X-ray density 
from the measured density will start to occur after a volume increase 
of somewhere near 6%. This value represents the amount of 
expansion in volume of the sample after being irradiated by 8 x 1019 
neutrons/cm2 . 
In the case of zircon the (112) Bragg peak becomes associated 
with a second more diffuse peak on the high angle side with 
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increasing alpha dose (Holland and Gottfried, 1955). The Bragg 
diffraction line eventually disappears leaving only the second peak at 
a 28 angular position similar to the unirradiated (112) value. The 
development of this second diffuse peak indicates that a process 
similar to that outlined by Howard and Sabine (1974) for 1on1c 
compounds may be occurring. A plot by Holland and Gottfried (1955) 
of the reciprocal of the X-ray volume versus measured density for 
zircon shows initially a straight line relationship until at a dosage of 
0.3 x 1019 alphas per gram the curve begins to deviate. The 
deviation occurs after zircon has undergone a 5% expansion in volume. 
This value is similar to that encountered for a-quartz. 
From the above examples, the calculated and measured density 
values seem to remain equivalent until the compounds have expanded 
by about 5% in volume. The X-ray volume changes of zirconolite and 
perovskite ( <3%) are well within the above value and are therefore 
assumed to reflect the density change of the material. 
DISCUSSION 
X-ray diffraction and electron microscopy studies suggest that 
zirconolites retain a high degree of lattice order even after they have 
received a radiation dose equivalent to 106 SYNROC years. The very 
small volume changes observed for the samples which have received 
large doses of radiation indicates that only a small degree of internal 
rearrangement has occurred. Moreover, the zirconolite samples 
reconstituted, as single crystals, to their original undamaged state 
after being heated for less than one hour at temperatures as low as 
950°C. Even the highly damaged Sri Lanka zirconolites reconstituted 
to a single phase of polycrystalline material. This is in contrast to 
the behaviour of heavily damaged zircons. These minerals, when 
heated, reconstitute to a complex mixture of the oxides (Cartz and 
Fournelle, 1979). 
The effects of nuclear radiation on the properties of inorganic 
compounds are highly variable. However, as early as 1924, 
Goldschmidt (1924) suggested that those crystals which contain a high 
degree of 1on1c binding were more resistant to the effects of 
radiation. This same observation has since been made by many 
authors (e.g. Wittels and Sherrill, 1959; Billington and Crawford, 
1961; Budylin and Vorob'ev, 1964; Naguib and Kelly, 1975). Close 
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packing of the atoms within the structure 1s another desirable 
characteristic of the compound. 
The fluorite-type structure exhibits these characteristics. It 
possesses a high ionicity (Naguib and Kelly, 1975), and the Ca atoms 
are arranged in cubic closest-packing. Thorianite adopts this 
structure and, in nature, is not found in the metamict state. Several 
other simple oxides with the fluorite-type structure have also been 
found to remain crystalline when bombarded with high doses (>1017 
ions/cm2 ) of energetic heavy ions (Naguib and Kelly, 1975). 
The close relationship between the zirconolite structure and the 
fluorite-type structure has already been discussed in this chapter. 
The fluorite-typ~ subcell, upon which zirconolite is based, is only 
slightly deformed from an undistorted face-centred cubic lattice. A 
rhombohed ran resu Its with an angle of about 92° ( Pudov ki na and 
Pyatenko, 1966). The ability of natural zirconolite to withstand the 
damaging effects of large doses of alpha radiation is probably due to 
this association. 
The perovskite structure, like that of zirconolite, is based 11pon 
a cubic lattice. In this structure, the oxygen and calcium atom~ are 
arranged approximately in cubic close-packing, 1. e. a face-cen'tred 
cubic array (Bloss, 1971). The distortion to the observ1~d 
orthorhombic structure involves a very small degree of shearing 
("'48') of the cubic pseudo-cell (Kay and Bailey, 1957). Wittels and 
Sherrill (1959) irradiated a number of perovskite-type crystals. 
These included BaTi03 , KNbo3 and PbTio3 . They demonstrated that 
the above compounds transformed to their high-temperature cubic 
modification when irradiated with fast neutron dosages in excess of 
10
19 
neutrons/cm
2
. The a- and c-axial lengths of tetragonal BaTio
3 
increased by approximately 1. 9% and O. 9% respectively after receiving 
a neutron dose of 1.2 x 1020 neutrons/cm2 . At this stage, all axes 
were equivalent (cubic) and after 1.8 x 1020 neutrons/cm2 the value 
of the cubic axis increased by a further 0.3%. This radiation dose 1s 
close to three times the dosage received by the perovskites used 1n 
the experiments of Reeve and Woolfrey (1980). The BaTio
3 
crystals 
remained single throughout the entire irradiation. 
Recently, Iopa rites containing greater than 1% uo
2 
have been 
found in the Lovozero intrusion, Kola Peninsula. Although these 
minerals have accumulated a dosage of 8. 9 x 1018 alphas per gram 
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they still continue to produce sharp diffraction patterns (Kogarko , 
pers. comm., 1980). The radiation dose exceeds that received by the 
zirconolites from Jacupiranga. 
In contrast to the titanate perovskites discussed above, the 
rhombohedral perovskite-type compound CmAI03 became metamict after 
it had received a dose of 1.6 x 1018 alphas per gram. This dose was 
244 d . . I derived in 8 days from the decay of Cm, an 1s equ1va ent to a 
SYN ROC age of 1000 years. The effect of nuclear radiation caused a 
small increase 1n volume (3.2% at saturation) and a phase 
transformation to the cubic modification before the compound became 
amorphous to X-rays (Mosley, 1971). 
The behaviour of CmAI03 to nuclear radiation may be a 
consequence of its differing chemical composition and reflects the 
nature of the bonding and type of distortion from the ideal cubic 
perovskite-type compound. Moreover, the extremely high dose rate 
may have been a contributing factor. In contrast, all titanate 
perovskites which have received much larger doses, but over longer 
periods of time, have been shown to remain highly resistant to the 
effects of large doses of nuclear radiation. Furthermore, the volumes 
of all the perovskite-type compounds mentioned increased by only 
smal I amounts. 
NATURE OF THE METAMICT STATE 
The term metamict is usually applied to minerals which have lost 
their crystallinity due to the action of nuclear radiation arising from 
the radioactive elements contained within them. Pabst (1952) and 
Berman (1955) have given a detailed discussion of the term and some 
of the characteristics associated with such minerals. There are many 
degrees of the metamict state and the physical properties usually 
change continuously in response to the amount of radiation dose. 
With the use of electron microscopy, minerals that were once thought 
to be metamict are now found to display strong diffraction patterns 
typical of well crystallized materials. 
Recently, several authors (Cartz and Fournelle, 1979; Ewing, 
1976; Ewing and Haaker, 1981) have suggested that minerals in the 
metamict state have a glass-type random atomic arrangement. 
However, electron diffraction patterns of the featureless apparently 
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metamict areas of zirconolite (Figs. 7 and 8) led to a different 
interpretation. These samples have received extremely high doses of 
alpha radiation and it has been found that the atoms remain 
sufficiently ordered to display broadened powder rings. The rings 
are identifiable with a cubic fluorite-type pattern. The Mossbauer 
study of Ansaldo ( 1975) on a sample of X-ray amorphous 
thoro-steenstrupine {Na2Ce(Mn,Fe,Ta)(La,Th .... ) [(Si,P)04 ] 3 H2 J 
also supports an ordered atomic arrangement in the metamict state. 
The author has shown that Fe3+ occurs in two different distinct sites 
and that the Mossbauer spectrum has not been affected by the 
radiation damage. 
CONCLUSIONS 
Results described in previous sections have elucidated several of 
the effects of increasing doses of nuclear radiation on the crystal 
structures of naturally occurring zirconolite and perovskite minerals. 
When subjected to an alpha dose of 8 x 1018 alphas per gram 
equivalent to a SYNROC age of 4 x 105 years, zirconolite transformed 
to the cubic defect fluorite-type structure. Despite the very large 
radiation doses received, these crystals continued to display single 
crystal X-ray diffraction patterns. Electron microscopy of these 
zirconolites revealed that the mineral was mainly composed of 
crystalline domains coherently orientated. 
Sri Lanka crystals which had received a radiation dose exceeding 
that which would be experienced by SYNROC in 4 x 108 years were 
apparently metamict when studied by X-ray diffraction. However, 
electron diffraction investigations demonstrated that they contained 
areas of crystalline domains. These, however, were 1n random 
orientations and gave a spotty cubic defect fluorite-type powder 
pattern. The micrographs of other areas of this sample studied by 
electron microscopy were of low contrast but the diffraction patterns 
exhibited diffuse powder rings also identifiable with the defect 
fluorite-type pattern. These apparently metamict areas have suffered 
an extremely large radiation dosage and yet the atoms retain a large 
degree of short range order. 
These results have a direct bearing upon alternative hypotheses 
dealing with the effect of radiation damage in crystals. In particular, 
they are best explained by progressive disordering of the structure 
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with . . 1ncreas1ng radiation dose, as suggested by Vance (1975) and 
Vance and Boland (1975, 1978). There is no evidence to suggest that 
the minerals become segregated into simple oxide phases even after 
receiving extremely large doses of radiation as proposed by Pyatenko 
(1970), Wasilewski et al. (1973) and Pel las (1965). 
The atomic arrangement of zirconolite in a state which would be 
classed as metamict when investigated by X-rays has nevertheless 
been found to retain a high degree of short range order when studied 
by electron diffraction. This state in no way resembles a true glass 
as suggested by Ewing (1976), Ewing and Haaker (1981) and Cartz 
and Fournell (1979). The electron diffraction pattern of the metamict 
areas of highly irradiated zirconolite gave distinct powder rings and 
could be identified with the cubic defect fluorite-type pattern. 
IMPLICATIONS FOR LONG-TERM STABILITY OF SYNROC 
One of the primary concerns expressed about proposals to 
incorporate nuclear waste into a crystalline ceramic waste form, has 
been the possibility that radiation damage could destroy the crystal 
structures and seriously impair their ability to immobilize the waste 
elements. It has been suggested that because radiation damage 
ultimately leads to metamictization, the ability of these metamict 
minerals to retain the waste elements may be no greater than that of 
glass. Our results on zirconolite and perovskite effectively dispel 
those concerns, at least, for these particular minerals. They show 
that the atomic structures of the irradiated minerals are still 
essentially those of the crystalline state and are in no way analogous 
to those of silicate or borosilicate glasses. Further support for this 
conclusion is provided by the results of Oversby and Ringwood (1981) 
on the Pb/U isotopic systematics and leachability of the natural 
zirconolites and perovskites used in their study. They demonstrated 
that the minerals display a remarkable ability to immobilize U and Pb 
under geological conditions. Moreover, the Sri Lanka zirconolites 
which have suffered the most extensive radiation doses were found to 
be less leachable than borosilicate glasses in water and brines at 
200°C by a factor exceeding one thousand ( Ringwood et al., 1981). 
For SYNROC containing 10 percent of high level waste, it 1s 
usually estimated that a storage period of 105-106 years would be 
required for the wastes to decay to a safe level. The natural samples 
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described here provide us with a suitable model with which to assess 
the crystalline integrity of SYNROC phases during this storage 
interval. After 1000 years the crystal structures of zirconolite and 
perovskite in SYNROC containing 10% high level waste are essentially 
unaffected by the nuclear radiation received (chiefly from alpha 
particle recoils). After receiving a radiation dose equivalent to a 
SYNROC age of one million years zirconolite is still crystalline but 
undergoes a change 1n structure to the defect fluorite-type lattice. 
The volume increase 1s less than 3%. After a radiation dose 
equivalent to 100 million years SYNROC age, zirconolite appears 
metamict. Electron diffraction, however, shows that the atoms still 
maintain short range order, as previously described. The volume 
increase after this period of time has already reached saturation level 
and remains smaller than 3%. 
At a radiation dose equivalent to that which SYN ROC would 
accumulate in 10,000 years of storage, perovskite expands in volume 
by less than 2% but the crystallinity remains unaffected. After 
receiving a radiation dose equivalent to a SYNROC age of half a 
million years, perovskite is still crystalline. Comparison of X-ray 
diffraction photographs of perovskites and zirconolites which have 
received similar radiation doses indicates that perovskite is even more 
resistant to nuclear radiation than zirconolite. Thus, the basic 
properties of the crystalline state of these phases are not affected 
over the time period required for the waste to decay to a safe level. 
The volume change of SYN ROC containing 25% perovskite, 35% 
zirconolite and 40% Ba-hollandite *, buried for 105 -106 years would be 
less than 2%. Because of the very slow strain rate in the presence of 
confining pressure when buried at depth in a geological repository it 
is expected that this expansion will cause SYNROC to deform by 
plastic flow rather than by brittle fracture. Indeed, this behaviour 
1s displayed by large ("'60 gram) single crystals of Sri Lanka 
zirconolite which are found as resistate minerals in the gem gravels. 
Results of fast neutron damage produced on a rapid time scale (1 
month) and the damage caused by alpha-particles over periods of 
* Ba-hollandite expanded by less than 2% after being irradiated for a 
period of time equivalent to 106 years SYNROC age (Reeve and 
Woolfrey, 1980). 
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8 geological time (up to 10 years) were found to be in good agreement. 
Although there is a factor of 109 difference between the two time 
scales, these results support the relevance of accelerated irradiation 
testing. The rate of accumulation of radiation damage in SYN ROC 
containing high level waste is intermediate between the above dose 
rates. In vrew of these results we conclude that the responses to 
nuclear radiation observed on the natural minerals over much longer 
time scales are directly applicable to the long term behaviour of these 
phases in SYN ROC. 
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CHAPTER 10 
STRUCTURE REFINEMENT OF ZIRCONOLITE FROM KAISERSTUHL, 
* W. GERMANY 
INTRODUCTION 
Pyatenko and Pudovkina (1964) first proposed that zirconolite, 
CaZrTi 2o7 , 
established 
was 
that 
closely 
it had 
related to the fluorite 
a superstructure based 
structure. They 
on a C-centred 
monoclinic lattice which is eight times the fluorite subcell such that a 
3 3 
superstructure = -a1 -a2+2a 3 , bs = a1-a2 , cs= /2a1+ /2a2+a3 , where 
a1 , a2 , a3 refer to the cubic cell. Recently, the crystal structure 
has been solved and refined using both powder (Rossell, 1980a) and 
single crystal X-ray techniques (Gatehouse et al., 1981). The close 
relationship to fluorite was confirmed by these experiments. In the 
latter study, the site of the M4 titanium atom was found to be 
displaced off special position 4(e) at (0.5,y, 0.25) to the general 
position 8(f) on either side of the two-fold axis, decreasing the 
coordination from 6 to 5. 
Zirconolite comprises about 35 percent of SYNROC, a synthetic 
rock designed for the immobilization of high level nuclear wastes 
(Ringwood et al., 1979a, b). The highly radioactive actinide elements 
within these wastes, are partitioned into the zirconolite and 
perovskite phases when hot-pressed at 1100-1200°C with the SYNROC 
mixture. The actinides decay by a series of alpha-decays at a 
significant rate for a million years, during which time a large number 
of atomic displacements occur in the host lattice. 
Natural zirconolite from the Kaiserstuhl carbonatite complex W. 
Germany, contain ,,,5 weight percent uo2 + Th02 . Oversby and 
Ringwood (1981) have calculated an accumulated radiation dose of 1.2 
18 
x 10 alphas per gram for these minerals, using an age determined 
by the K-Ar method of 16 million years (Wimmenauer, 1966). 
* Sinclair, W. and Eggleton, R.A. (1982). Am. Mineral. (in press). 
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In this report, a single crystal X-ray analysis has been carried 
out on the Kaiserstuhl zirconolite in order to examine the effects of 
alpha-recoil damage on the crystal lattice. The results from the 
single crystal refinement of a synthetic zirconolite (Gatehouse et al., 
1981) are used as a standard to which the natural zirconolite data can 
be comp a red. 
CRYSTAL STRUCTURE ANALYSIS 
The grains of zirconolite used in this study were separated f rom 
the Kaiserstuhl carbonatite (Wimmenauer, 1966), and provided by Dr. 
J. Keller. Many of the crystals exhibited polysynthetic twinning. 
Preliminary Weissenberg and precession X-ray photographs showed 
that reflections h k I and h O I were absent for h + k = 2n and I= 
2n respectively. These restrictions suggested the possible space 
groups Cc or C2/c in agreement with Gatehouse et al. (1981). 
Several high angle reflections, on Weissenberg photographs (Fig. 1), 
were smeared as a result of radiation damage. The effect was much 
more pronounced on upper-level films. 
For the structure determination a crystal measuring 
approximately 0.05 x 0.03 x 0.07 mm was mounted on a Picker FACS-1 
four-circle diffractometer with the unique axis y approximately 
parallel to the <P axis of · thE:: diffractometer. Lattice parameters and 
crystal orientation matrix were obtained by least squares refinement 
of the setting angles of twelve carefully centred reflections having 28 
0 
values between 49 and 60°, using MoKa1 radiation (,\ = 0. 70926A) 
reflected from a graphite-crystal monochromator (28 = 12.12). 
m 
Crystal data are given in Table 1 and the chemical analysis is shown 
in Table 2. 
Intensities were measured by the 8 28 continuous-scan 
technique with a scan speed of 2° min - 1 (28) and range from 0.8° 
below the Ka1 to O. 8° above the Ka2 
concerned. Stationary background counts 
were made at the extreme of the scan 
peak for the reflection 
of 20 seconds duration 
range. Three standard 
ref I ection s 800, 040, 008 showed I ittl e variation 1n intensity 
1710 reflections having 28 throughout the course of data col I ection. 
values between 3 and 60° were collected from the octants h k I and h 
k I except those which were absent for the C-centring condition. 
0 
I I 
0 
, 
• 
• O* • 
• 
• 
I 
0 
Fig.I. Zero-level Weissenberg photograph of Kaiserstuhl zirconolite. 
Several smeared reflections are circled. 
TABLE 1. 
Crystal data for Kaiserstuhl zirconolite 
(Ca. 85 REE. 02Mn. 01 Th. 06 U. 02) ( z r. 87 Ti. 13) 
Monoclinic, C2/c (No. 15) 
a -
b = 
V= 
D 
C 
0 
12. 431 ( 1 )A 
0 
7. 224(1 )A 
1014.5Cs)A3 
4.9 Mg m-3 
0 
C 11.483(3)A 
100.33(1) 0 
z 8 
-1 µ(MoKet) = 9.6mm 
71 . 
µR 0.29 (effective µR for spherical crystal with same volume 
as crystal used) 
The data were sorted and averaged and reduced to structure 
amplitudes using the data reduction procedures described 1n 
Ferguson et al. (1979). Because of the small size of the crystal (µR 
= 0. 29) an absorption correction was not applied. A partial 
compensation was achieved by averaging the intensities of equivalent 
-
reflections, 0 k I and O k I, in the monoclinic cell. (lnterscale R 
factor for equivalent reflections = 0. 019). After discarding 
reflections for which I /a( I )<3. 0, a total of 949 were available for 
subsequent structural analysis. The statistical discrepancy value for 
this data set R is 0.026. 
s 
STRUCTURE SOLUTION AND REFINEMENT 
Scattering factors for neutral atoms were taken from 
International Tables for X-ray Crystallography, Vol. 4 (1974) and 
were corrected for both real and imaginary anomalous components. 
TABLE 2. 
Chemical analysis of Kaiserstuhl zirconolite. 
Structural formula based on 7 oxygens. 
Nb2o 5 15.7 
Ti02 22.7 
Zr02 34.8 
Th02 4. 1 
uo2 1. 4 
FeO 2.28 
Fe2o 3 5.32 
MnO 0.2 
CaO 12.5 
REE 0.9 
SUM 99.90 
Electron microprobe analysis by N. G. Ware; 
Iron determinations by E. Kiss (Kiss, 1974). 
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0.45 
1.08 
1.08 
0.06 
0.02 
0. 12 
0.25 
0.01 
0.85 
0.02 
3.94 
The refinement was carried out using the full - matrix least 
squares program SFLS (Prewitt, 1966) which minimizes the function 
Iw( IF 1-k IF I ) 2 , where k is an overal I scale factor and w is the 0 C 
weight of an observation taken as unity in the initial stages. 
The atomic coordinates from the synthetic zirconolite refinement 
in the space group C2/c (Gatehouse et al., 1981) were used in the 
starting model for Kaiserstuhl zirconolite. Initially, Ca, Th and U 
were assigned to the M1 site, Zr to the M2 site, Ti, Nb to the M3 
and MS sites and Fe and Ti to the M4 site. The other minor cations 
were ignored. After several cycles of refinement and converting to 
an i strop ic temperature factors of the form, 
exp [ -2rr2( u 11 h
2
a*
2
+u 22 k
2b*2+u 33 1
2
c*
2+2u 12h ka*b*+2U 13hla*c* 
+2U 23 klb*c*)] 
for al I atoms, the conventional R factor decreased to O. 063. The 
equivalent isotropic temperature factors for individual atoms at 
convergence were about 2-3 times as large as those reported by 
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Gatehouse et al. (1981). This behaviour persisted 1n all subsequent 
refinements. 
The significance of splitting the M4 site into two individual half 
atoms which occupy equivalent sites on either side of the two-fold 
axis as reported by Gatehouse et al. (1981), was checked by 
calculating a difference Fourier map without the M4 atoms. This 
0_3 
showed a large region of electron density (24 e A ) centred on 4(e) 
at (0.5, y, 0.25) where y = 0.14. Peaks on either side of the 
two-fold axis were not found. This is not surprising, since the 
0 
expected separation of the M4 sites -0.5 - 0.6A is close to the 
0 
resolution of our data set (0.43A). Alternatively, the M4 atoms may 
occupy a range of positions. The structure was therefore refined 
with M4 placed on special position 4(e). However, at convergence the 
R factor remained at 0.088, a value considerably higher than that 
obtained for the split site model. The M4 position for this model was 
(0.5, 0.121(2), 0.25) and the equivalent isotropic thermal parameter 
02 
B was 8.1A . Thus, the split site model was readopted and manual 
adjustment and refinement of the population parameters fol lowed. 
At first, the placement of elements was guided by the previous 
results of synthetic zirconolite and by crystal chemical reasoning. 
2+ 3+ . . Thus, Fe + Fe were restricted to occupy the M3 + M4 sites, Zr 
the M2, M3 and M4 sites (but most ly the M2 and M3 sites) and Ti in 
all cation sites except for the M1 site. Refinement of the Zr 
population parameter in the M2 site resulted 1n an immediate decrease, 
and suggested the presence of the lighter element, Ti. In keeping 
with previous single crystal results, the excess Zr from the M2 site 
was transferred to the M3 site. Other refinements indicated that the 
heavy elements Zr + Nb (40 + 41 electrons respectively) did not 
occupy the M4 site, but were found to favour the M3 and MS sites. 
Refinement of the Nb population parameter in the MS site was 
carried out; at the same time adjustments were made to the amount 
of Ti in MS and Nb and Ti in M3 to maintain both the total occupancy 
of these sites at 1.0 (or 0.5 in the case of the M4 site) and the 
unit cell composition. The population parameter of Fe in M4 was then 
released and the corresponding changes to Ti and Fe were made in 
the M4 and M3 sites. During these final cycles it became necessary 
to refine separately the z-positional parameter and the beta (1,3) 
value of M4 because of a strong correlation. The errors quoted for 
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these two parameters in Table 3, were derived from the inverted 
full-matrix at the end of each independent cycle and are considered 
to be underestimated. The least squares refinement of all positional 
and anistropic thermal parameters gave a terminal R factor of 0.052 
and a weighted R (= [Iw( IF I - IF I ) 2/Iwj F j2 J0 · 5 ) of 0.035, where 
W O C O 2 the weighting scheme was taken as w = 1/a(Fo) . The standard 
deviation of an observation of a unit weight was 3. 24. 
The highest peak on the final difference Fourier map was 2.2 e 
0_3 
A located near the M2 (Zr) position. A refinement in the space 
group Cc resulted in an increased R value and retention of the 
two-fold symmetry about the y_-axis. Final atomic coordinates and site 
occupancies are presented in Table 3. Bond lengths and angles are 
shown 1n Table 4. 
Appendix G. 
A listing of structure factors 1s given 1n 
The exact location and occupancy of the cations in the M3, M4 
and MS sites are open to debate. The final distribution was based 
mainly on crystallochemical reasoning combined with minimization of 
the R value. 
The ANUCRYS Structure Determination Package (Whimp et al., 
1977), as implemented on tht~ Univac 1100/42 computer at the 
Australian National University, was used throughout the structure 
solution. 
DESCRIPTION OF THE STRUCTURE 
The structure of Kaiserstuhl zirconolite (Fig. 2) 1s similar to 
that reported by Gatehouse et al. (1981). Calcium (M1) 1s 
coordinated by eight oxygen atoms lying at the corners of a distorted 
cube. The large cations, Th and U substitute for Ca on this site. 
Zirconium (M2) is surrounded by seven oxygen atoms at the corners 
of a truncated cube and contain about 15 percent of substituted 
titanium. Of the remaining 3 cation sites, M3 and MS are surrounded 
by six oxygens forming distorted octahedra while M4 is best described 
as occurring in trigonal bipyramidal (five-fold) coordination. 
Titanium, Fe, Nb and Zr occupy the M3 site, Fe and Ti the M4 site 
and Ti and Nb the MS site. The two types of octahedra (M3 and MS) 
Join together at their vertices to form three and six membered rings, 
similar to the planes of octahedra parallel to (111) in the pyrochlore 
Table 3. Atomic coordinates and thermal parameters for Kaiserstuhl zirconolite, with e.s.d. 'sin parentheses 
ATOM SITE OCCUPANCY X/A Y/B Z/C Beq. CR 2 ) 
M(l) 8(£) 0.87 Ca+ 0.13 (Th,U,REE) 0.3752(1) 0.1245(3) 0.4971(1) 1. 78 
M(2) 8 ( £) 0.85 Zr+ 0.15 Ti 0.1210(1) 0.1261(2) 
-0.0239(1) 1. 36 
M(3) 8 (£) 0.125 Fe+ 0.375 Ti+ 0.35 Nb+ 0.15 Zr 0.2500(1) 0.1252(3) 0.7450(1) 1.50 
M(4) 8( £) 0.33 Fe+ 0.17 Ti 0.4788(8) 0.0892(6) 0.2509(5) 3.42 
M(5) 4 (e) 0.72 Ti+ 0.28 Nb 0.0 0.1279(5) 0.25 1.60 
X(l) 8( £) 0. 3087 ( 7) 0.1243(13) 0.2864(6) 3 .10 
X(2) 8 ( £) 0.4693(6) 0.1373(14) 0.0891(7) 2.75 
X( 3) 8(£) 0.2070(8) 0.0857(12) 0.5687(8) 2.84 
X(4) 8 ( £) 0.3957(8) 0.1665(13) 0. 7151(7) 2.97 
X(5) 8( £) 0. 7121 (8) 0.1700(11) 0.5821(7) 2.51 
X(6) 8 ( £) -0.0024(7) 0.1157(14) 0.4189(6) 2.42 
X(7) 8(£) 0.1086(8) 0.0653(13) 0. 7917(7) 2.98 
Ul l U22 U33 Ul2 Ul3 U23 
M(l) 0.020(1) 0.019(1) 0.029(1) 0.003(1) 0. 00 5( 1) 0.004(1) 
M(2) 0.017(1) 0.012(1) 0.023(1) 0.002(1) 0.004(1) 0. 001 (1) 
M(3) 0.019(1) 0.017(1) 0.021(1) -0.001 ( 1) 0.005(1) 0. 000 ( 1) 
M(4) 0.056(7) 0.062(3) 0. 009 (1) -0. 003 ( 3) -0.002(3) -0.004(3) 
M(5) 0.020(1) 0.020(1) 0.020(1) 0.0 0.002(1) 0.0 
X(l) 0.062(6) 0.013(4) 0.042(4) -0.004(6) 0.007(4) -0.007(5) 
X(2) 0.028(5) 0.024(5) 0.051(5) 0.002(6) 0.004(4) 0.002(5) 
X(3) 0. 030 ( 5) 0.028(6) 0.048(5) -0.007(4) -0.001(4) -0.007(4) 
X(4) 0.035(6) 0. 041 ( 7) 0.036(5) -0.010(5) 0.005(4) -0.006(4) 
X(5) 0.034(5) 0.027(6) 0.031(4) 0.000(4) -0.004(4) 0.007(4) 
X(6) 0.031(4) 0.028(5) 0.035(4) 0.001 (6) 0.010(3) 0.005(4) 
X(7) 0. 026 ( 5) 0.043(6) 0.041(5) -0.014(5) -0.001(4) 0. 003( 4) 
Table 4. Interatomic distances (i) and O-M-0 angles ( 0 ) 
of Kaiserstuhl z i rcono ·1 i te with e.s.d. 'sin parentheses 
M3 Octahedron 
Ml -X2 2.326(8) M3 -X4 1.927(10) X4 -Xl 98.9(4) 
x2 1 2.371(9) Xl 1.960(9) -Xl 1 82.3(4) 
X3 2.391(9) Xl l 1.970(9) -XS 95.2(4) 
X3 1 2.396(10) X7 1.975(9) -X3 86.1(4) 
Xl 2.412(7) XS 1.983(8) Xl -X7 86.1(4) 
XS 2.486(9) X3 2.019(9) -XS 92.7(3) 
X4 2.490(8) MEAN 1.972 -X3 85.6(3) 
X6 2.532(9) x1 1 -X7 92.5(4) 
MEAN 2.426 
-XS 84.1(3) 
-X3 97.6(3) 
M2 -X3 2.051(8) 
X7 -XS 80.1(4) 
X6 2.066(8) 
X3 98.8(4) 
XS 2.107(8) 
M4 Trigonal bipyramid 
X2 2.108(10) 
M4 -X2 1.867(10) X2 -x21 152.9(6) 
X7 2.141(9) 
x2 1 1.873(10) -X4 115.0(5) 
xs 1 2.314(10) 
X4 2.120(11) -Xl 88.3(4) 
X6 1 2.340(9) 
Xl 2.239(13) -x4 1 83.3(4) 
MEAN 2.161 x4 1 2.404(12) x2 1 -X4 91.6(4) 
MEAN 2.10 
-Xl 105.4(5) 
M4 - M4 0.53(2) -x4 1 103.1(4) 
X4 -Xl 72.0(4) 
-x4 1 69.0(5) 
Xl -x4 1 131.6(4) 
MS Octahedron 
MS -X7 1. 941 ( 9) X2 X7 -x7 1 88.0(6) 
X6 1. 947 ( 7) X2 
-X6 x2 94.5(4) 
X4 l.965(9)X2 
-x6 1 x2 81.7(4) 
MEAN 1. 951 -X4 x2 95.1(3) 
X6 -X4 x2 87.6(4) 
-x4 1 x2 96.3(4) 
X4 -x4 1 81.8(6) 
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structure. The M4 metal site is situated within the six membered 
ring and occupies a split position displaced towards the X4 oxygen 
atoms on one side of the cavity. These two equivalent M4 sites are 
0 
separated by a distance of O. 53(2)A. The metal atoms occur 1n 
planes parallel to (001) in zirconolite and alternately contain M3, M4 
and MS or M1 and M2 cation sites. They are derived from the metal 
only (111) planes of the fluorite structure. 
DISCUSSION 
The isotopes of uranium and thorium (U-238, 235 and Th-232) 
contained in natural zirconolite decay to form stable isotopes of lead 
by the emission of alpha- and beta-particles and gamma-rays. 
Damage to the crystal structure is caused predominantly by the recoil 
of the radioactive nucleus associated with alpha-decay. The recoil 
nucleus collides elastically with the surrounding atoms to a range of 
0 
,_,200A and produces about 1500-2000 displacements/event (Reeve and 
Woolfrey, 1980; Fleischer et al., 1975; Roberts et al., 1981). The 
alpha-particle is ejected with high energies (4-6MeV) which it loses 
through ionization of the atoms along its path (up to 20 µm). Most 
of the damage occurs near the end of its range producing 100-500 
displacements/event. The effectiveness of these collisions is 
dependent on properties such as crystal structure and bond type. A 
more detailed discussion of this subject is found in Sinclair and 
Ringwood (1981). 
Kaiserstuhl zirconolite has accumulated a radiation dose of 1.2 x 
10
18 
alphas per gram. This dose is equivalent to the age of a 
SYNROC sample containing 10 percent high level nuclear waste for 
1000 years (Oversby and Ringwood, 1981). The composition of the 
waste is calculated using U-only fuel with 3 percent enrichment of 
U-235, a burn-up of 33,000 MWd/MTHM, and a cooling time of 150 
days before reprocessing (Cohen, 1977a). Single crystal Weissenberg 
photographs of these crystals show that at high 28 angles, reflections 
display smearing and loss of intensity from alpha-recoil damage. In a 
previous study, Sinclair and Ringwood (1981; Ch. 9) reported a 
decrease in intensity and slight broadening of the high angle powder 
diffraction maxima of Kaiserstuhl zirconolite. They also recorded a 
small change ( <1 percent) in the unit cell volume after heating these 
samples at 1200°C. At higher doses of alpha-radiation, single crystal 
a 
b 
Fig. 2. ORTEP II diagram of an (001) plane of zirconolite at z = 0.25 containing M3 and M5 octahedra. Elongation 
of the X(l,4,7) thermal ellipsoids is similar to that found by Gatehouse et al. (1981) and is interpreted 
to be caused by rotation of the octahedra about [001] in response to partial occupancy of the M4 sites. 
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X-ray photographs of zirconolite from Jacupiranga, Brazil, displayed 
only the parent fluorite-type diffraction pattern which could be 
0 
indexed on a face-centred cubic lattice with a = 5. 06( 4 ) A. These 
observations are direct evidence of displacement damage resulting 
from alpha-recoil. 
The major difference between the results of this refinement and 
those of Gatehouse et al. (1981) 1s the increased values of the 
temperature factors. These parameters are found to be consistently 2 
to 3 times as large as those reported for the synthetic phase. The 
temperature factor correction 1s normally made to allow for the 
oscillating thermal motions of the atoms. These motions effectively 
change the scattering curve and cause the calculated structure 
factors to be systematically greater than the observed ones with 
increasing angle. The effect of alpha-recoil 1s to displace atoms or 
groups of atoms from their lattice sites. In a single crystal X-ray 
analysis, the displacements associated with the damaged areas 
averaged over the entire crystal, will be incorporated into the thermal 
motion and recorded as large U values. The high values of Uij 
(Table 3) for Kaiserstuhl zirconolite are interpreted to be the direct 
result of alpha-radiation damage. 
Temperature factor values are also dependent on parameters such 
as site occupancy and absorption. However, there is evidence to 
suggest that these two effects have been kept to a m1n1mum 1n our 
analysis. First, the placement of elements was well defined from 
previous structure determinations and from crystal chemical 
considerations. The changes in site occupancy made little difference 
to the high values of the temperature factors. Second, absorption is 
considered to be low because of the small size of the data crystal and 
the excellent agreement between equivalent reflections (interscale R = 
0.019). 
The results from this structure refinement are particularly 
significant for the long term stability of zirconolite in SYNROC. 
Although Kaiserstuhl zirconolite has received a dose of 1.2 x 1018 
alphas per gram, equivalent to an age of SYNROC of 1000 years, a 
successful single crystal X-ray structure solution was completed. 
The analysis shows that the crystal lattice has undergone only minor 
changes due to the action of alpha-recoil. 
CHAPTER 11 
SOLID-SOLUTION STUDIES OF ZIRCONOLITE 
INTRODUCTION 
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High level wastes from commercial nuclear reactors are comprised 
of fission products ranging from zinc to the rare earths, transuranic 
elements and various processing contaminants such as iron, 
phosphorus, chromium and nickel (McCarthy, 1977). Most of the 
elements occurring in these wastes are incorporated, in SYNROC C, 
as dilute solid solutions in the crystal structures of three phases, 
perovskite, CaTi03 , zirconolite, CaZrTi 2o7 , and a Ba-titanate 
hollandite, BaAl 2Ti 6o16 (Ringwood et al., 1979a,b). High level 
wastes generated by the United States defence program are dominated 
by large amounts of iron, aluminium, nickel and manganese which 
were introduced into the wastes prior to or during tank storage. In 
addition, large amounts of NaOH were added 1n order to achieve 
alkaline conditions (Tewh_ey et al., 1981). Most of t ;-e iron and 
aluminium and smaller quantities of manganese, nickel and sodium 
have precipitated with the radionuclides (excepting cesium) as 
sludges. SYNROC D (Ringwood et al., 1979b; Ringwood et al., 
1980) is the specific formulation designed to immobilize U.S. defence 
wastes. Its mineralogy is dominated by Fe-Al-Mn phases such as 
spine! and ilmenite, plus nepheline, perovskite and zirconolite. 
The rare earths and trivalent and tetravalent actinides are 
immobilized by perovskite and zirconolite in both SYN ROC C and D 
formulations. An experimental study has been undertaken to explore 
the tolerance of the zirconolite lattice to substitutions involving the 
above elements, since high concentrations of actinides or rare earths 
may tend to stabilize a less desirable pyrochlore (or related 
face-centred cubic phase) in preference to zirconolite. The follow ing 
series of experiments described herein were specifically aimed at 
determining first, the extent of solid solution of uranium and thorium 
and the rare earth elements samarium and neodymium into the Ca- and 
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Zr-sites of zirconolite and second, how much divalent iron, aluminium 
niobium and magnesium could replace titanium ,n the Ti-sites of 
zirconolite when coupled with uranium, thorium and rare earth 
elements. Finally, the substitution of manganese for calcium 1n 
zirconolite is examined. 
Uranium and thorium serve as models for the tetravalent 
actinides and the rare earths model the behaviour of the trivalent 
actinides. Naturally occurring zirconolites contain as much as 23 wt. 
percent Tho2+uo2 , 9 percent rare earths, 20 percent Nb 2o 5 
and up 
to 8 percent FeO. Sinclair and Ringwood (1981) have shown that 
these samples, many of which are metamict, recrystallize to recover 
their zi rconol ite structure after heat treatment at ,.., 1100°C. 
CRYSTAL CHEMISTRY OF ZI RCONOLITE 
The crystal structure of zirconolite has been described in detail 
by Rossell (1980a) and Gatehouse et al. (1981). They confirmed 
earlier work by Pyatenko and Pudovkina (1964) by showing that it 1s 
related to structures of the fluorite-type, 1n that it is a 
superstructure derived by ordering of CaF2 type sub-units. The -x 
C-centred monoclinic unit cell of zirconolite is eight times as large as 
the fluorite-type sub-unit, and its structure 1s more correctly 
expressed by the . formul..:; ca8zr8Ti(l)8Ti(ll) 4Ti(lll) 4o 56 o 8 
( D symbolises an oxygen vacancy). 
Rossell (1980a) found that the calcium atoms are coordinated to 
eight oxygens at the corners of a distorted cube. Zirconium, ,n 
seven-fold coordination, is linked to seven oxygens at the corners of 
a truncated cube. Titanium occupies three distinct lattice sites. In 
two of these, it 1s in six-fold coordination, linked to six oxygens at 
the vertices of octahedra. These octahedra are linked at their 
corners, forming either six-membered or three-membered rings. The 
third type of titanium site involves five-fold coordination with titanium 
linked to five oxygens at the apices of a trigonal bipyramid. 
Crystal chemical studies of zirconolite by Gatehouse et al. 
(1981), Wark et al. (1973) and Rossell (198Gb) have defined the 
compositional range of zirconolite. They found that the structure was 
remarkably intolerant to variations in its calcium content, permitting 
changes of only a few atoms percent. However, considerable 
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variation in Zr/Ti ratios is permitted. If the formula of zircono li te 1s 
written as CaZr Ti 3 o7 then x ranges from O. 9 to 1. 3. X -x 
Natural and synthetic zirconolites have been found to 
accommodate a wide range of cation substitutions. In order to 
facilitate discussion of the crystal chemistry, cation substitutions will 
be described in terms of the Ca- Zr- or Ti-sites. Table 1 presents 
microprobe analyses of a suite of natural zirconolites from many 
countries. A description of their locations has been reported by 
Oversby and Ringwood (1981). Of particular relevance to radwaste 
immobilization is the observation that natural zirconolites may contain 
as much as 23 wt percent Th02 plus uo2 , and 9 wt percent rare 
earth elements (Table 1). As many natural zirconolites are metamict, 
the distribution of cations amongst the various sites cannot be 
resolved by conventional X-ray techniques. However, the structural 
formulae of the natural samples (Table 1) when coupled with crystal 
chemical considerations, are quite revealing. The eight-fold 
coordinated Ca-site should be particularly suited for large cations 
2+ 4+ 4+ 
e.g. Ca , U , Th and the larger rare earths. The seven-fold 
d . d . . 4+ .4+ d h conr 1nate Zr-site would be occupied by Zr , some T1 an t e 
sn.aller rare earths. The Ti-sites, in six- and five-fold coordination, 
should be suited for small cations such as Ti 4+, NbS+, Ta5+, Mg 2+, 
M 2+ 2+ 3+ . 4+ n , Fe , Fe and minor Zr . 
Inspection of the structural formulae of the natural samples 
(Table 1) reveals some interesting trends. With one exception 
(Russian A), full occupancy of the Ca-site requires significant 
amounts of other cations as well as calcium. Even if all the available 
Th and U 1s then allocated to the Ca-site, it is still not fully 
occupied. Small amounts of rare earths are also required. Note that 
even if all rare earths were fully partitioned into the Ca site, some U 
and Th are nevertheless required for full occupancy. As discussed 
above, the Zr site can contain small amounts of Ti, whilst small 
amounts of Zr may partition into the Ti-sites. The exact nature of 
this partitioning cannot be deduced from the structural formulae. It is 
significant, however, that all samples contain in excess of 1.00 Zr 
atoms and in many cases, the amounts of Nb, Ta, Mg, Mn, Fe and Ti 
are insufficient to fill the three Ti-sites completely. It follows that a 
significant proportion of Zr must be partitioned into the Ti s ites. 
The above constraints on site occupancy also lead to the conclus ion 
TABLE 1. CHEMICAL ANALYSES OF NATURAL ZIRCONOLITES 
Norway Brazil Germany SriLanka Sri Lanka SriLanka SriLanka SriLanka SthAfrica 
Stavern Larvik Jacup i ranga Russian A Kola Kaiserstuhl (BM1905) (820392) (83800) (SLJ-12) (SL4-14) Pala born 
Nb 205 15. 10 8.0J 11. J 4 . 6 21. 5 15.6 J . J J . 6 J .9 < 0.2 0.8 0.8 
Ta 2o5 1. 15 0.69 0.2 <O . I < 0. I I. 2 -- -- -- < 0.1 < 0. 1 
Ti0 2 18.44 27. 00 24.J 35.4 18.0 20.9 26 . 6 28 . 0 27.0 36. 5 32. 6 35.7 
Zr0 2 29.52 JI. 40 35.2 36 . 5 31. 2 34 . 8 29 . 4 J0.9 J0.4 38.6 36. J 38 . 8 
Th0 2 J.98 4 . 11 7.4 I. 2 J . 6 4.0 23 . 4 20 . 5 21. 8 0 .9 2 . 2 4.9 
uo2 1.04 1. 2 7 0.5 0.5 4.8 I. 6 2 . J 2 . 1 1. 7 4 . 6 10.5 I. 5 
FeO* 7.99 6 . 88 7. 2 5.0 7. 4 7.8 5.0 J. 1 J.0 J.4 4.0 5. 7 
MnO 0. 70 0.48 0 . 2 < 0. l O. J 0 . 2 -- -- 0.2 0.2 < 0. 1 0.2 
MgO -- -- 0 . 4 -- O.J O. J 2. I 2.4 2.5 0.6 0.4 
CaO 7.82 9. 15 11. 5 15. l 10.8 12. l 6. 1 7.9 7. 7 12. 1 10 . 2 11. 8 
Y + REE 12.95 9. 34 2 .6 1. 9 2 . l 0 .9 
SUM 98.69 98.35 100.8 100.2 100 .0 99.4 98.2 98.5 98. 2 96.9 97 .0 99.4 
Electron microprobe analyses by N.G. Ware; data for Stavern and Larvik supplied by A. R~heim . *All iron assumed FeO 
Structural formulae based on 7 oxr_g_en atoms 
Nb 0.483 0.243 0.332 0. 126 0.647 0.464 0. 103 0. 11 J 0. 125 -- 0.024 0 . 021 
Ta 0.022 0 . 013 0.004 -- -- 0.022 
Ti 0.981 1.366 1. 186 1. 611 0.901 1. 034 1.430 1.456 1.433 1. 718 1.620 1. 666 
Zr 1.018 1. OJO l. 114 1.077 1.013 l 117 1. 028 1.042 1.04 7 1. 178 1. 169 l. l 73 
Th 0.064 0.063 0 .109 O.OOJ 0.055 0.043 0.381 0.323 0.350 0.013 O.OJJ 0 . 069 
u 0.016 0.020 0.007 0 . 006 0 . 071 0.022 0.037 0 .032 0.027 0.064 0 . 154 0.021 
Fe" 0.473 0. 388 0.391 0.253 0.412 0 . 429 0.299 0. 179 0. 118 o. 178 0.221 0. 295 
Mn 0.042 0.029 0.011 -- 0 . 017 0.011 -- -- 0 . 012 0.011 0.006 0.013 
Mg -- -- 0.039 -- O.OJO 0 . 029 0 . 224 0.247 0.263 0 . 056 0.039 
Ca 0.593 0.660 0.800 0.978 0. 770 0.853 0.467 0.585 0 . 582 0.811 0 . 722 0.783 
REE ,Y 0.316 0.216 0.058 0.040 0.050 0.020 
SUM 4.006 4 .OJO 4.051 4.094 J.966 4.045 J.969 J.978 J. 95 7 4.028 J.988 4.040 
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that most Th and U is concentrated in the Ca-site, with very little 
being partitioned into the Zr-site. In a study of synthetic 
zirconolites, Rossell (1980b) came to a similar conclusion. 
EXPERIMENTAL METHODS 
The nitrates of Ca, Zr, U, Th, Al and Mg were used to prepare 
starting mixes; Ti02 was added in the form of anatase, manganese as 
carbonate Mnco3 , 
mixture of Fe2o 3 
samarium 
and Fe 
and niobium as oxides and 
metal. Appropriate amounts 
FeO 
of 
as a 
these 
materials were weighed, ground under distilled water in an agate 
mortar and heated at 900°C for 1 hour in order to decompose the 
nitrates and carbonates. The oxide mixtures were sealed 1n 
platinium, or if necessary 1n iron capsules and hot-pressed under 
sub-solidus conditions at 0.5 GPa pressure 1n a piston-cylinder 
apparatus (Boyd and England, 1960). 
The products were examined by electron-microprobe and powder 
X-ray techniques. The X-ray powder patterns were obtained with 
bottJ a Debye-Scherrer and Guinier-Hagg focussing cameras. Lattice 
constants of synthetic homogeneous zirconolites were determined from 
0 
Guinier patterns using Cu Ka1 radiation (A = 1.54059A) and Si ( a = 0 
5. 43088A) as an internal standard. The results of the least squares 
refinement of these pat ameters are presented in Tables 3 and 6. The 
calculated standard deviations are typically under-estimated by a 
factor of 2-3 times the values quoted (see Stewart, 1975) and refer to 
measurements from a single film exposure. The tabulation of a typical 
powder pattern is presented in Appendix F, Table F .2. 
EXPERIMENTAL RESULTS AND DISCUSSION 
Incorporation of Uranium into Zirconolite 
The solid solution limits between CaZrTi 2o 7 zirconolite and 
"CaUTi 2o 7
11 were explored in order to establish how much substitution 
of zirconium by uranium could be tolerated by the zirconolite 
structure. Compositions corresponding to CaZr_ 25u. 75Ti 2o 7 , 
CaZr_ 5 u_ 5Ti 2o 7 and CaZr_ 75 u_ 25Ti 2o 7 were hot-pressed at 1400°C. 
A homogeneous pyrochlore phase was produced from CaZr_ 5 u_ 5Ti 2o 7 , 
while the CaZr. 75u. 25 Ti 2o 7 preparation yielded a zirconolite + 
pyrochlore-like phase assemblage. The zirconolite from this pair 
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(Table 2, Col. 1; Table 3, No. 1) was synthesized as a single phase 
from a new starting mix. The structural formula indicates that the 
entry of uranium into the zirconolite lattice 1s via a simple 
4+ 4+ 
substitution whereby U proxies for Zr . The uo
2 
content of this 
zi rconol ite is 13 percent. 
It is possible that the entry of u4+ into the Ca-site might be 
4+ 2+ facilitated by a coupled substitution whereby U replaces Ca and a 
( 2+) b . f T. 4+ T h. d lower valence cation e.g. Mg su st1tutes or 1 . o t 1s en , 
the solid solution limit between Li-bearing zirconolite and the 
hypothetical end-member "UZrTiMgO/' was investigated. The product 
assemblages contained various (Ti, Zr, U )02 solid solutions and some 
uncharacterized phases. However one zirconolite phase, with a very 
narrow composition range, was common to all product assemblages. 
Its composition range and structural formula are presented in Table 
2, Col. 2 and 3 (Table 3, No. 2,3). Note how the entry of Mg into 
4+ the lattice has permitted substitution of additional U . The uo
2 
content of this zirconolite ("' 26 percent) is substantially higher than 
that (13 percent) of the Mg-free zirconolite. The structural formula 
calculated on the basis of the analytical data confirm that additional 
4+ 
U can enter the Ca-site of the zirconolite lattice by means of a 
Mg 2+ coupled substitution involving entering the Ti-sites. 
Incorporation of Thorium (and Magnesium) into Zirconolite 
Compositions of Ca(Th. 2zr. 8 ) Ti 2o 7 and Ca(Th. 1 Zr. 9 )Ti 2o 7 were 
hot-pressed at 1450 and 1400°C respectively. The latter composition 
produced a single phase, while the former yielded 2 phases, a 
face-centred cubic compound + zirconolite. Electron microprobe 
analyses of the latter (Table 2, Col. 4; Table 3, No. 4), indicates 
that a maximum of 6.0 wt percent Tho2 substitutes into the Zr-site. 
Chemical analysis of the face-centred cubic compound was not 
obtained because of the small grain size of the experimental charge. 
The presence of this phase was detected from X-ray powder 
diffraction patterns. The extent of thorium solid-solution 1n 
zirconolite is much more limited than that observed for uranium ("' 13 
wt percent U04>) and could be due to the larger ionic size of thorium 
(1.06 vs. 1.00A; Shannon and Prewitt, 1969) inhibiting its entry into 
this site. Rossell (1980b) has reported that the entry of Th (and by 
implication, U) into zirconolite involves its partition into the Ca-site, 
TABLE 2. CHEMICAL ANALYSES OF U-AND Th-BEARING ZIRCONOLITES (COL. 1 & 4) 
AND Mg-BEARING u , Th ZIRCONOLITES 
1 2 3 
Ti02 42.3 33.4 34.6 
Zr02 29.1 25.1 25.1 
Th02 
uo2 12.6 26.8 25.1 
MgO 1. 6 2.4 
CaO 15.2 13.2 12.8 
SUM 99.2 100.1 100.0 
STRUCTURAL FORMULAE BASED 
Ti 1. 96 1. 70 1. 74 
Zr 0.87 0.83 0.82 
Th 
u 0.17 0.41 0.37 
Mg 0.16 0.24 
Ca 1.00 0.96 0.92 
SUM 4.00 4.06 4.07 
Starting compositions 
1. 
2,3. 
4. 
5. 
Ca(u. 17zr_ 83 )Ti2o7 
Ca(ZrU)Ti2o7ss.+UZrMgTi0 7 
Ca(Th_ 1zr_ 9)Ti 2o 7 
CaZrTi 2o7+ThZr(TiMg) 2o7;7:3 molar -
(COL. 2, 3, 5) 
4 5 
44.5 32.6 
33.0 34.3 
6.7 20.1 
2.5 
15.6 9.6 
99.8 99.1 
ON 7 OXYGEN ATOMS 
1. 96 1. 63 
0.96 1.11 
0.09 0.30 
0.24 
0.99 0.68 
4.00 3.96 
Experimental conditions 
(reactions at 0.5GPa in Pt 
capsules) 
1400°c 1 h 
1400°c 1 h 
1400°c, 3 h 
1400°C, 3h 
TABLE 3. LATTICE PARAMETERS OF SYNTHETIC ZIRCONOLITES GIVEN IN TABLE 2. 
Composition a(i) bCR) cCR) s (0) 
1. Ca(zr.83u.17)(Til.96zr.04)07 12.476(1) 7.282(1) 11.421(1) 100.54(1) 
2,3. (ca.94u.06)(zr.68u.32)(Til.72Mg.20 2r.14)o7 12.474(1) 7.265(1) 11.516(1) 100.42(1) 
4. (Ca.99Th.Ol)(Zr.92Th.08)(Til.96zr.04)07 12.472(2) 7.277(1) 11.386(3) 100.53(2) 
5. (Ca.68Th.30)Zr(Til.63Mg.24zr.11)07 12.555(1) 7.249(1) 11.447(1) 100.53(1) 
Estimated standard deviations are given in parentheses. 
with coupled substitution of smaller cations (e.g. 2+) Mg 
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into the 
Zr-site. In our experiments, U, and to a lesser extent Th, are 
found to substitute directly in the Zr-site. 
Thorium readily partitions into the Ca-site via a coupled 
substitution with various smaller cations, Mg, Fe, Al, entering the 
Ti-sites. Mixtures of CaZrTi 2o7 + the hypothetical end member 
ThZr(MgTi) 2o7 , in the molar ratios 7:3, 3:2 and 1:1, were reacted at 
1400, 1370 and 1350°C respectively. The first composition yielded a 
homogeneous zirconolite solid solution while the latter two yielded a 
2-phase assemblage: zirconolite plus a face-centred cubic 
fluorite-type phase. A new starting material corresponding to the 3:2 
mole ratio was prepared as a single mix and reacted under the same 
conditions in order to establish reversal and to confirm that this 
composition indeed lies in the 2-phase field. A zirconolite and a 
face-centred cubic phase was produced in this experiment. Chemical 
analysis of the zirconolite solid solution from the 7:3 mole ratio 
mixture of the two end members (Table 2, Col. 5; Table 3, No. 5) 
show that 20 wt percent Th02 + 2. 5 wt percent MgO can be 
accommodated by the structure. Thorium enters the Ca-site and Mg 2+ 
replaces titanium in the Ti-sites. Again, the small grain size of the 
run precluded a chemical analysis of the cubic phase. It seems 
evident from the above experiments that the entry of Th into the 
zirconolite lattice can be markedly increased via a coupled substitution 
with a small cation entering the Ti-sites. 
Incorporation of Rare Earths into the Zirconolite Lattice 
A starting mixture with composition corresponding to 1 :1 molar 
CaZrTi 2o7 and NdYTi 2o7 was hot-pressed at 1500°C for 1 hour. 
Rossell (1980b) has reported that the heavy rare earth element 
ytterbium distributes on both the Ca- and Zr- sites. Rare earths 
with larger ionic radii such as neodymium were found to replace Ca 
only. Neodymium is similar 1n size to calcium, and yttrium, which 
behaves as an excel lent crystal chemical analogue for the heavy rare 
earths, 1s expected to replace zirconium. Thus, it could be 
anticipated that the zirconolite lattice would be especially tolerant to 
the coupled substitution of Nd + Y for Ca and Zr. However, the 
experimental product turned out to be a homogeneous single phase 
pyrochlore solid solution whose composition is given 1n Column 1, 
Table 4. 
TABLE 4. RARE EARTH-BEARING PYROCHOLORES AND ZIRCONOLITE. 
Ti02 
Zr02 
Sm2o3 
Nd 2o3 
Y203 
MgO* 
CaO 
SUM 
Structure 
Ti 
Zr 
Sm 
Nd 
y 
Mg 
Ca 
SUM 
Starting 
A 
40.8 
16.0 
21. 5 
14. 
0.4 
7.2 
99.9 
+ PY 
Low-Zr 
phase 
38.4 
14. 0 
40.5 
0.8 
6.1 
99.8 
PY 
B 
High-Zr 
phase 
40.0 
22.0 
29.4 
0.6 
7.7 
99.9 
z 
STRUCTURAL FORMULAE BASED ON 7 
1.99 2.00 1. 99 
0.51 0.48 0.71 
0.98 0.67 
0.50 
0.48 
0.04 0.08 0.06 
0.50 0.46 0.55 
4.02 4.00 3.98 
composition: A = CaZrTi2o7 + NdYTi 2o7 
B = CaZrTi2o7 + Sm2Ti 2o7 
C = High-Zr phase from "B" 
C 
High-Zr 
phase 
40.5 
24.9 
26.5 
8.5 
100.4 
z 
D 
37.6 
16.3 
38.5 
Sr0=0.4 
7.2 
100.0 
py-type 
OXYGEN ATOMS 
1.97 
0.79 
0.59 
0.59 
3.94 
1: 1 molar 
1: 1 molar mixture of 
two components 
D = CaZrTi2o7 + Sm2Ti2o7 oxide/carbonate mix . 
Experimental conditions :0. 5GPa , 1450°c, 1 h ., Pt capsule. 
* mixing contaminate 
+ py = pyrochlore ; z = zirconolite 
the 
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A second composition corresponding to a 1: 1 molar mixture of 
two end-member phases, CaZrTi 2o 7 and Sm2 Ti 2o 5 was hot-pressed at 
1400°C and 1450°C. In this instance, a pair of coexisting phases 
were produced. Subsequent synthesis of these two phases confirmed 
that the low-Zr phase is a pyrochlore, whilst the high-Zr phase is a 
zirconolite (The composition of the newly synthesized high-Zr phase 
1s given under 11 C 11 in Table 4. Note the high rare earth content of 
27 wt percent sm2o 3). However, because the starting material 
consisted of a mixture of two previously synthesized end-members, it 
is recognised that the coexisting pyrochlore-zirconolite pair might be 
metastable with respect to a homogeneous single phase. This was 
confirmed when a new starting mix of oxides + carbonates 
corresponding to the appropriate composition was hot-pressed at 
1450°C and a single phase pyrochlore-type (face-centred cubic) solid 
solution was produced (Col. D, Table 4). 
Incorporation of Fe2+ into Zirconolite 
Several starting mixtures of CaZrTi 2o 7 + 
11 ThZr(TiFe 11 ) 20/1 were 
reacted in Fe capsules at temperatures ranging between 1300-1350°C. 
A 4: 1 mole ratio mixture of the above end members produced a single 
phase zirconolite solid solution. With increasing proportions of the 
iron end member (7:3 mole ratio) the 2-phase region was encountered 
and a face-centred cubic phase was found to coexist with the 
zirconolite solid solution. This 7:3 mole ratio composition was 
prepared as a homogeneous starting mix and reacted under identical 
experimental conditions. The reversal run produced the same 2-phase 
assemblage as obtained from the 2-component starting material. The 
FeO content of the zirconolite solid solution synthesized from a 4:1 
mole ratio starting mix of the two end members is 4.4 wt percent 
(Table 5, Col. 1; Table 6, No. 1). This corresponds to 10 percent 
replacement of titanium by Fe2+. The Tho2 content of this zirconolite 
1s 14.5 wt percent. Thorium 1s incorporated 1n the Ca-site to 
maintain charge balance when Fe substitutes for Ti. Due to the fine 
grain size of the run product, a chemical analysis of the additional 
cubic phase, detected by X-ray diffraction in the 7:3 molar mix, 
could not be obtained. This was also the case for the pyrochlore and 
face-centred cubic phases coexisting with Al- and Nb-zirconolites 
discussed below. 
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Incorporation of Al 3+ into Zirconolite 
The composition (Ca_ 75Th_ 25 )zr (Ti 1 _5Al_ 5 )o7 crystall ized as a 
single phase zirconolite solid solution at 1450°C. Here, approximately 
one quarter of the titanium atoms are replaced by aluminium 
corresponding to an Al 2o 3 content of 6.5 wt percent (Table 5, Col. 
2; Table 6, No. 2). The presence of about 17 wt percent Th02 in 
the eight-fold site of the zirconolite structure was again required in 
order to maintain charge balance. At higher concentrations of the 
11 ThZrAl 2o7
11 molecule, two phases were synthesized. The composition 
(Ca_ 65Th_ 35 )Zr(Ti 1 _3A1_ 7 )o7 reacted at 1450°c and 0.5 GPa, yielded 
a pyrochlore and a zirconolite solid solution. The similarity in the 
crystal chemical properties of aluminium and trivalent iron, suggests 
that the small Ti-sites of zirconolite will also readily accommodate 
Fe2o 3 . In a natural zirconolite from Kaiserstuhl, 5.3 wt percent 
Fe2o 3 substitutes for Tio2 in the Ti-sites (Sinclair and Eggleton, 
1982). 
· f b 5+ · · 1· I ncorporat1on o N into Z1 rcono 1te 
The incorporation of niobium into the Ti-sites of zirconolite was 
also investigated. The hypothetical niobium end member, 
SmZr(NbMg)2o7 , in this experiment, has charge balance achieved by 
substitution of REE for calcium plus a small divalent cation such as 
2+ 
Mg substituting together with niobium for 2Ti. Mixtures of 
CaZrTi 2o 7 + SmZr(NbMg) 2o7 1n the molar ratios 3:2 and 1 :1 were 
hot-pressed at 1470 and 1500°C respectively. In the former case a 
single-phase zirconolite solid solution was synthesized (Table 5, Col. 
3; Table 6, No. 3) while the latter composition yielded two phases, a 
zirconolite and a face-centred cubic phase. A new mix corresponding 
to a 1:1 molar ratio composition, (Ca_ 5Sm_ 5 )zr(Ti 1 _0 Nb 0 _5Mg 0 _5 )o7 , 
was also hot-pressed under the same conditions in order to establish 
a reversal. The same 2-phase assemblage was again obtained. 
Electron microprobe results indicate that in the zirconolite solid 
solution 40 percent of the titanium in the Ti-sites is replaced by 
niobium plus magnesium. This corresponds to Nb
2
o
5 
and MgO 
contents of 13. 6 and 4. 1 wt percent respectively (The rare earth 
(Sm2o 3 ) content of this phase 1s 14.3 wt percent). Natural 
zirconolites have been found to contain up to 20 wt percent Nb
2
o
5
. 
TABLE 5. CHEMICAL ANALYSES OF HOMOGENEOUS Fe", Al, Nb AND Mn 
ZIRCONOLITE SOLID SOLUTIONS. 
1 2 
Al 203 6.5 
Nb 2o5 
Ti02 34 .1 30.6 
Zr02 35.9 34.6 
Th02 14.5 16.9 
FeO 4.4 
MnO 
MgO 
CaO 10.5 11.6 
Sm2o3 
SUM 99.4 100.2 
STRUCTURAL FORMULAE BASED 
Al o .1.8 
Nb 
Ti 1. 63 1.45 
Zr 1.11 1.06 
Th 0.21 0.24 
Fe" 0.20 
Mn 
Mg 
Ca 0.71 0.78 
Sm 
SUM 3.86 4.01 
Starting compositions 
1. CaZrTi 2o7+ThZr(TiFe") 2o7 ;4:1 molar 
2. (Ca. 75Th. 25 )Zr(Ti 1 _5AI. 5)o7 
3. CaZrTi 2o7+SmZr(NbMg) 2o7 ;3:2 molar 
4 . CaZrTi2o7+MnZrTi 2o7;3:2 molar 
3 4 
13.6 
23.4 42.5 
35.8 41.1 
4.8 
4.1 
8.2 11. 5 
14.3 
99.4 99.9 
ON 7 OXYGEN ATOMS 
0.40 
1.14 1. 86 
1.14 1.17 
0.25 
0.40 
0.57 o. 70 
0.32 
3. 97 3.98 
Experimental conditions 
(reactions at 0.5GPa) 
1350°c, 2h, Fe capsule 
1450°c, 3.5h, Pt capsule 
1450°c, 2.75h, Pt capsule 
1450°c, 3h, Pt capsule 
TABLE 6. LATTICE PARAMETERS OF SYNTHETIC ZIRCONOLITES GIVEN IN TABLE 5. 
Composition a CR) b cR) cCR) SCo) 
1. (Ca. 71Th_ 21 )Zr(Ti1 _63Fe"_ 20zr. 11 )o7 12.543(1) 7.243(1) 11.441(2) 100.53(1) 
2. (Ca.78Th.24)Zr(Til.45Al.48)07 12.530(1) 7.234(1) 11.330(1) 100.62(1) 
3. (Ca. 57sm. 32zr_ 08)Zr(Ti1 . 14Mg. 40Nb_ 40zr. 06 )o 7 12.535(2) 7.273(2) 11.494(2) 100.48(1) 
4. (Ca_ 70Mn_ 25 )Zr(Ti1_86zr_ 17)o 7 12.415(1) 7.247(1) 11.363(1) 100.50(1) 
Estimated standard deviations are given in parentheses. 
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In a zirconolite from the Kola peninsula, USSR, Nb + Fe occupy over 
50 percent of the Ti-sites (Table 1, Col. 5). 
Incorporation of Mn 2+ into Zirconolite 
In this series of experiments, the aim was to establish how 
2+ 
readily Mn could enter the eight-fold coordinated Ca-site in 
zi rconol ite. Starting materials corresponding to mixtures of 
zirconolite + 11 MnZrTi O 11 in the molar ratios 9:1, 4:1 and 3:2 were 2 7 
hot-pressed at temperatures between 1400 and 1450°C. X-ray 
diffraction and electron microprobe analyses of the products confirmed 
that a single phase zirconolite solid solution had been synthesized 
from all starting mixes and that at least 5 wt percent MnO (Table 5, 
Col. 4; Table 6, No. 4) can replace Cao in zirconolite giving the 
formula (Ca1_xMnx)ZrTi 2o 7 , where x = 0.25. The maximum solid 
solution limits for manganese were not established. 
CONCLUSIONS 
Electron microprobe analysis of a suite of natural zirconolites 
reveal that Nb, Ta, Th, U, Fe, Mn, Y and rare earths can be 
accommodated 1n the zirconolite lattice. Many of the natural samples 
are metamict but have recrystallized to single phase zirconolite after 
heat treatment (Sinclair and Ringwood, 1981). In SYNROC 
formulations, and 
CaZrTi O - 11 CaUTi O 11 2 7 2 7 ' 
along the pseudo-binary join 
entry of U into the zirconolite lattice 
essentially involves substitution 1n the Zr-site. Natural zirconolites, 
on the other hand, appear to accommodate significant amounts of U in 
the eight-fold coordinated Ca-site. Presumably, in chemically complex 
natural minerals, this substitution is facilitated by entry of small, 
3+ 3+ lower valence cations e.g. Al ,Fe , into the Ti-sites. Laboratory 
experiments have confirmed that the entry of U into the Ca-site is 
facilitated by a coupled substitution whereby a small divalent cation 
such as Mg
2
+ is simultaneously partitioned into the Ti-sites. Natural 
zirconolites may contain up to 23 wt percent Tho
2 
+ uo
2
; synthetic 
zirconolites along the CaZrTi2o 7 -
11 CaUTi
2
o
7
11 join take up only ..... 13 
wt percent uo2 (At higher uo2 contents a pyrochlore-like phase is 
preferentially stabilized). However, when coupled substitutions 
involving Mg take place, uo2 contents of 27 wt percent can be 
achieved. 
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SYNROC formulations developed for immobilizing civil ian high 
level wastes typically comprise about 35 percent zircono lite. Waste 
loadings may be as high as 20% and the calcined waste itself contains 
about 1 to 5 wt percent uo2 . From these constraints we deduce that 
the zirconolite will be required to accommodate less than 3 wt percent 
uo2 , a quantity well below its 
11 saturation limit". The situation 1s 
somewhat different 1n the case of SYN ROC formulations designed to 
immobilize the iron and alumina-rich sludges resulting from the US 
defence program. These calcined sludges contain quite high 
concentrations of uo2 (~3 wt percent). Moreover, the waste-loading 
of SYNROC is now much higher (~65 percent) and the wasteform itself 
contains a smaller proportion of zirconolite (~13 percent). It follows 
that the zirconolite phase will be required to immobilize about 15 wt 
percent uo2 . If this uranium were to be accommodated by simple 
substitution into the Zr-site, the zirconolite phase would be 
dangerously close to the ••saturation limit". However, the high 
concentrations of ,ran, aluminium etc. 1n the defence sludges give 
rise to zirconolites which themselves contain significant amounts of 
these elements. The zirconolite is thus able to accommodate additional 
uranium via the coupled substitution mechanism discussed earlier, and 
is still well below its ••saturation limit" with respect to uranium and 
tetravalent actinides. 
In contrast to 
Zr-position very 
accommodated on 
uranium, thorium 
easily. Only 
the seven-fold 
does not appear to enter the 
6.0 wt percent of Th02 1s 
site. However, when coupled 
substitutions permit thorium to enter the Ca-site, then zirconolite 
solid solutions containing up to 20 wt percent of Th02 are stabilized. 
The remaining tetravalent actinides possess smaller 1on1c radii than 
thorium and are closer in size to uranium. Thus, it is likely that 
these elements will exhibit similar behaviour to uranium and be 
incorporated 1n both the seven- and eight-fold coordinated sites of 
zirconolite. 
Natural zirconolites may contain at least as much as 9 wt percent 
rare earths. Zirconolite in SYNROC formulations will be required to 
accommodate only a few percent of rare earths and trivalent actinides. 
Experiments have shown that the zirconolite lattice can accept up to 
26 wt percent rare earths (sm2o3 ) before becoming destab ilized 1n 
favour of pyrochlore or a related face-centred cubic structure. 
Samarium enters both the Ca-
SYNROC 
and Zr-sites 
zi rcono l ites 
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as 
will 
therefore be well below their "saturation limits" in rare earths and 
trivalent actinides. 
Niobium readily substitutes for titanium when coupled with MgO 
and sm2o3 . Together, Nb + Mg can occupy ~40 percent of the 
Ti-sites. The Nb 2o5 and Sm 2o 3 contents of this zirconolite are 13.6 
and 14.3 wt percent respectively. Synthesis of zirconolites with 
higher Nb2o5 concentrations resulted in the formation of two phases. 
These compounds were identified as a zirconolite solid solution plus a 
face-centred cubic phase with a fluorite-type lattice. 
The cations Al 3+ and Fe2+ are readily incorporated into the 
Ti-sites of the zirconolite structure. These substitutions require the 
entry of thorium into the Ca-site so as to maintain charge balance. 
Zirconolite solid solutions with maximum Al 2o3 contents of 6.5 wt 
percent and FeO contents of 4. 4 wt percent have been synthesized. 
Th02 contents of these phases were 16. 9 and 14. 5 wt percent 
respectively. Synthesis of zirconolites with higher FeO and Al 2o3 
concentrations was not successful; instead additional phases were 
stabilized. These 2-phase regions are characterized by coexisting 
pyrochlore + zirconolite solid solution for the aluminous starting 
compositions and a face-cer~t.red cubic structure + a zirconolite solid 
solution in iron rich compositions. Most natural zirconolites contain 
very little aluminium, mainly because their host rocks, typically 
carbonatites, have low bulk Al 2o 3 contents. 
Manganese has been found to substitute directly for calcium 1n 
the eight-fold site. Zirconolite solid solutions with about 5 wt 
percent MnO, i.e. (Ca_ 75Mn_ 25 )ZrTi 2o7 , have been synthesized. The 
limit of MnO solubility was not established. 
The above experiments show that zirconolites 1n SYN ROC D 
waste forms (designed to immobilize US defence wastes) are able to 
accommodate significant amounts of aluminium, divalent iron and 
manganese. The entry of aluminium and iron into the Ti-sites occurs 
by coupled substitution with thorium into the Ca-site. The behaviour 
of tetravalent actinides 1s expected to be similar to Th, while 
trivalent iron is expected to exhibit similar behaviour to alum inium 
and occupy the small Ti-sites. This latter type of substitution has 
been observed 1n natural zirconolites from Kaiserstuhl, Germany, 
where 5.3 wt percent Fe2o3 is accepted into the Ti-sites. 
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CHAPTER 12 
THE CRYSTAL STRUCTURE OF CALZIRTITE 
INTRODUCTION 
Calzirtite, ca2zr5 Ti 2o16 , has been found as a relatively rare 
phase in several new localities in close association with zirconolite 
( CaZrTi 2o7), a key compound in the nuclear waste ceramic- SYN ROC 
(Ringwood et al., 1979a,b). The first occurrence of calzirtite was 
reported by Zdorik et al. (1961) 1n metasomatic 
calcite-forsterite-magnetite rocks from an alkaline-ultrabasic massif 1n 
Eastern Siberia. A single crystal X-ray diffraction study of a 
specimen from this area was carried out by Pyatenko and Pudovkina 
(1961). These authors established that its atomic structure was an 
anion deficient superstructure phase closely related to the 
fluorite-type lattice. The superstructure ts I -centred, tetragonal, 
and has a volume eighteen times that of the fluorite-subcell such that 
as = 3a' and cs = 2a', wh~re s and a' refer to the superstructure and 
the cubic subcell respectively. Initially, the cations were arranged in 
fluorite-type positions in the tetragonal space group 141/acd. A 
Patterson projection calculated from ninety-five independent hkO 
reflections confirmed the basic fluorite-type pattern. However, 
attempts to refine the structure using Fourier methods were 
unsuccessful and thus the atomic coordinates presented were 
considered to be ideal fluorite-type positions only. The cation 
ordering scheme also remained in doubt. Accordingly, it was decided 
to undertake a detailed single crystal X-ray analysis of this phase. 
CRYSTAL STRUCTURE ANALYSIS 
Calzirtite has been separated from rock samples col lected at t he 
contact between jacupirangite and carbonatite of the Jacupiranga a lkali 
89. 
complex, Brazil (Melcher, 1966). It 1s also found with zirconolite at 
the Kaiserstuhl carbonatite complex, W. Germany. The latter samples 
were provided by Dr. J. Keller. 
Crystals from both areas, Brazil and Germany, were initially 
investigated. Chemical analyses of calzirtite (Table 1) from the two 
locations, were obtained using an electron-microprobe. These 
analyses show that the samples from Kaiserstuhl carbonatite contain a 
greater amount of Nb than the Jacupiranga grains (almost by a factor 
of 2). As expected, the increase in Nb 1s associated with a decrease 
in Ti content. A small amount of uo2 (0. 1%) was also detected in 
both samples. 
Single crystal Weissenberg :ind precession photography of 
samples from Brazil displayed a tetragonal cell with Laue symmetry 
4/mmm, and revealed systematic absences which define the space 
group uniquely as 141/acd. Reflections with h + k + I = 2n are 
present for all hkl; hkO reflections with h(k) = 2n are present as 
are hOI, I = 2n. For hhl reflections only those that satisfy the 
condition 2h + I = 4n are present. 
The crystal selected for data collection was transparent, pale 
orange and essentially cubic in shape, with an edge dimension of 
0.075 mm. The crystal was mounted on a computer-controlled fully 
automatic Picker FACS-1 ·four-circle diffractometer, with the c-axis 
approximately parallel to the <)> axis of the machine. 
Unit cell dimensions and crystal orientation matrix were obtained 
by least squares refinement of the setting angles of twelve carefully 
centered reflections having 28 values close to 50°, using MoKa1 0 
radiation (A = 0. 70926 A) reflected from a graphite-crystal 
monochromator. Crystal data are given in Table 2. 
Intensity data were measured by the 8-28 continuous-scan 
technique with a scan speed of 2° min - 1 (28) and range from 0.8° 
below the Ka1 to O. 8 ° above the Ka2 peak for the ref I ection 
concerned. Stationary background counts for 10 seconds duration 
were made at each extreme of the scan range and were assumed to 
Table 1. Electron-microprobe analyses and calculated 
atomic contents of calzirtite. 
Jacupiranga, Brazil Kaiserstuhl, Germany 
Nb 2o 5 4.4 8.5 
Ti02 13.3 10.5 
* FeO 1.5 1.6 
Zr0 2 68.2 67.0 
cao 12.4 11.5 
SUM 99.8 99.1 
Nb 5+ 0.29 0.59 
Ti 4+ 1.5 1.97 1.20 1.97 
Fe 2+ 0.18 0.18 
Zr 4+ 5.03 5.01 
Ca+ 2.0 1.93 
0 2- 16 16 
* All iron assumed to be FeO, N.G. Ware analyst. 
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TABLE 2 
Crystal data for calzirtite from Jacupiranga, Brazil 
Tetragonal, 141/acd (No. 142); Origin 4, at (0,\, 1/8) from 1. 
0 0 
a = 15.094(2) A C - 10.043(2) A -
-
V= 2288(1) A3 z - 8 -
D 5.24 Mg m -3 µ(MoKa)=6.79 -1 - mm -
C 
vary linearly between these extremes. Three standard reflections, 
600, 060, 044, had no significant variations in intensity throughout 
the course of the experiment. Intensities were collected for 4017 
reflections having 28 values between 3-80° for hkl except those which 
were absent from the I-centring condition. The data were corrected 
for absorption, sorted and averaged and reduced to structure 
amplitudes in the usual way. Reflections for which l/a(l)<3.0 were 
discarded as being unobserved. A total of 1327 ur1que reflections 
were available for subsequent structural analysis. \ 
The statistical discrepancy value for this data set 11
5
(=Ia/I1F
0
I, 
where a is the error contribution to j F 
0
1 from counting statistics 
alone) 1s 0.025. Transmission factors for F calculated by the 
0 
analytical method of De Meulenaer and Tampa (1965), varied from 
0. 790 to O. 822. 
STRUCTURE SOLUTION AND REFINEMENT 
Scattering factors for neutral atoms were taken from 
International Tables for X-ray Crystallography, Vol. 4 (1974) and 
were corrected for both real and imaginary anomalous components. 
The refinement was carried out using the full-matrix least 
squares program SFLS (Prewitt, 1966) which minimizes the function 
Iw(IF0 1-k1Fci)
2
, where k is an overall scale factor and w is the 
weight of an observation taken as unity in the initial stages and later 
2 2 2 i.: 
as w(hkl) = 1/a 2 where a2 = {a1 + 0.25[0.03(F0 )] }
2
• 
Refinement was initiated using the coordinates and site 
occupancies of Pyatenko and Pudovkina (1961). After several cycles, 
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at a discrepancy factor R of 0.47, the isotropic temperature factors 
( B) for several individual atoms assumed unusually large or negative 
values. In particular, the value of B for the X2 oxygen atom 
02 
increased to greater than 30A . A second refinement was attempted 
using only the cation positions and occupancies. All of these atoms, 
except for M4, were given locations on special positions. 
A three-dimensional difference Fourier map, calculated using the 
phases from the above least squares refinement (R=0.25), revealed 
several features. First, 
Pyaten ko and Pudovkina 
the X2 oxygen was incorrectly placed by 
(1961) at (\,x, 1/8) with x - 1/12, the 
correct position being at (\,x, 1/8) with x ~0.43. Second, the 
difference map indicated a degree of positional disorder at the M1 
site. Bond lengths calculated with the X2 oxygen atom in this new 
position required that an interchange of the M3 cations with the M2 
metal atoms be made in order to maintain the correct coordinations, 
such that M2 now contained Ti, Nb and Fe and M3, Ca+ Zr. 
An inspection of the data at this stage showed a large 
discrepancy between the calculated and observed structure factors for 
the 332 reflection. The observed value was far below the calculated 
value and was also much smaller than expected from a comparison with 
powder X-ray data. The apparent error 1s thought to have been 
the attenuator system. caused by a temporary. malfunction .. 1n 
Accordingly, this reflection was discarded. 
A further refinement was carried out using the new position of 
the X2 oxygen atom and removing the M1 atom. The difference 
Fourier map calculated for this refinement (R=0.20) confirmed the 
splitting of the M1 site and gave an interpolated peak position of the 
type (x,x,\), 16(f) with x ~ 0.1. Furthermore, the value of the 
0_3 
electron density was much higher (~45 e A ) than expected for a Ca 
atom. Refinement proceeded with the M1 site moved from 8(b) to 
16(f) at (x,x,\) with fifty percent occupancy. After several cycles, 
the isotropic thermal parameters continued to assume unusually small 
values, with some close to zero. 
It was then decided to replace Ca ,n the M1 site with Zr and 
make the corresponding correction at the M3 (Ca + Zr) site. The 
isotropic R factor (0.049) was found to be lowest when the M1 site 
was fully occupied by Zr and the M3 site with Ca. In addition, the 
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thermal parameters gave acceptable values for all atoms. Conversion 
to anisotropic temperature factors reduced the R value to 0.040 at 
convergence, and the weighted R value to 0.047. A correction for 
w 
secondary extinction (Zachariasen, 1963) was also included and 
refined to a fin a I v a I u e of 4. 6 ( 2) x 1 0 - 4 . 
An analysis of w( IF I - IF I) vs F and sin 8/A showed no 
0 C 0 
systematic trends, indicating an adequate weighting scheme. The 
standard deviation of an observation of unit weight was 1. 76. 
A difference Fourier map calculated at this stage showed the 
largest residual peak to be 4 e A- 3 at (.03, .03, .25), which is about 2 
0_3 
e A above general background. Final atomic parameters are 
presented in Table 3. Bond lengths and angles are given in Table 4. 
A listing of structure factors have been compiled in Appendix H. 
DISCUSSION 
In this structure, the cations occupy fluorite-type positions in 
the tetragonal eel I (Fig. 1). These cations are ordered into planes 
parallel to (010) and form two layers containing M2, M3 and M4 
cations sandwiched between layers of M1 + M4 cations. Figure 2 
shows the coordination scheme of the layer shaded at 0.33y (Fig. 1). 
This layer consists of empty and filled M4(Zr) polyhedra in 7-fold 
coordination with oxygen, · alternating with two rows of M2 octahedra 
and M3 cubes parallel to (001). The intersticies in the M2 and M3 
rows are also vacant 7-fold polyhedra. When the two layers 
containing M2, M3 and M4 cations are combined, strings of M2 
octahedra are formed and zig-zag along c (Fig. 1). 
Sixteen Ti(Nb,Fe) atoms occupy the octahedral M2 sites, 16 Ca 
atoms occupy the cubic M3 sites while the 7-cornered truncated cubes 
(M4) contain 32 Zr atoms. All these results agree with 
crystal-chemical expectations. A second type of layer, shaded at y = 
0, consists of empty and full M1 cubic polyhedra containing 8 Zr 
atoms and vacant and full M4 7-fold polyhedra, in rows parallel to 
(001). The coordination of this array is shown in Fig. 3. 
Several major differences to the structure suggested by Pyatenko 
and Pudovkina (1961) have been revealed by this analysis. First, 
the position of the X2 oxygen atom was found to be at 
(\,0. 4303(3), 1/8) and not at (\, 1/12, 1/8) as reported by these 
authors. Second, placement of the X2 oxygen atom at the new site 
Table 3: Atomic coordinates and thermal parameters for Jacupiranga calzirtite, with e.s.d. 'sin parentheses 
ATOM SITE OCCUPANCY X/A Y/B Z/C Beq.(R2) 
M(l) 16 (f) 0.5 Zr 0.01264(4) 0.01264(4) 0.25 0. 93 
M(2) 16 (f) 0. 75Ti + O. lFe + 0 .15Nb 0.16809(4) 0.16809(4) 0.25 0.50 
M(3) 16(£) 1.0 Ca 0.33281(5) 0.33281(5) 0.25 0. 56 
M(4) 32(g) 1.0 Zr 0.16152(2) 0.01780(2) 0. 485 78 ( 4) 0.37 
X(l) 16(e) 1. 0 0 0.25 0.2130(3) 0.125 0.87 
X(2) 16 (e) 1. 0 0 0.25 0. 4303 ( 3) 0 .125 0.56 
X(3) 32(g) 1.0 0 0.2433(2) 0.0776(2) 0.3309(3) 0.93 
X(4) 32(g) 1. 0 0 0.1135(2) 0.0827(2) 0.1236(3) 0.95 
X(5) 32 (g) 1. 0 0 0.0655(2) 0.0795(2) 0.6193(3) 0.84 
ATOM Ull U22 U33 Ul2 Ul3 U23 
M(l) 0.0140(11) 0.0140(11) 0.0073(6) -0.0064(12) 0.0011 (10) 
-0.0011(10) 
M(2) 0.0065(5) 0.0065(5) 0.0060(4) 0.0001(6) -0.0006(5) 0.0006(5) 
M(3) 0.0069(6) 0.0069(6) 0.0074(6) 0.0001(8) -0. 0007 ( 7) 0. 0007 (7) 
M(4) 0. 004 7 (12) 0.0041(2) 0.0051(2) 0.0002(5) 0.0010(4) 
-0.0001(2) 
X(l) 0.008(5) 0.014(2) 0.011(3) 0.0 0.0 
-0.003(3) 
X(2) 0.008(4) 0.008(2) 0.006(2) 0.0 0.0 -0.000(2) 
X(3) 0.017(10) 0.009(2) 0.010(2) -0.006(4) 0.001(3) 
-0.000(2) 
X(4) 0.014(10) 0.011(2) 0.011(2) -0.002(5) -0.000(4) 0.000(2) 
X(5) 0.017(10) 0.008(2) 0.007(2) -0.002(4) -0.001(3) -0.000(2) 
Table 4. Interatomic distances (R) and 0-M-O angles (0 ) for M2 
of Jacupiranga calzirtite, with e.s.d. 'sin parentheses 
0 - M2 - 0 
Ml -XS 2.034(3) 2x Xl -X1 1 88.4(2) 
XS 2.073(3) 2x X3 98.4(1) 
X4 2.247(3) 2x X3 1 88.4(1) 
X4 2.704(3) 2x X4 94.6(1) 
MEAN 2.265 
Ml -Ml 0.539(1) Xl 1 -X3 88.4(1) 
X3 1 98.4(1) 
M2 -Xl 1.888(2) 2x X4 1 94.6(1) 
X3 1.952(3) 2x 
X4 1.988(3) 2x X3 -X4 93.1(1) 
MEAN 1.943 X4
1 79. 7 ( 1) 
M3 -X2 2.303(3) 2x X3 1 -X4 79. 7 ( 1) 
X5 2.415(3) 2x X4 1 93.1(1) 
Xl 2.532(3) 2x 
X3 2.557(3) 2x X4 -X4 1 82.6(2) 
MEAN 2.452 
M4 -XS 2.056(3) 
X2 2.086(2) 
X3 2.142(3) 
X4 2.170(3) 
X4 2.178(3) 
X3 2.182(3) 
XS 2.183(3) 
MEAN 2.142 
Fig. 1. ORTEP II (Johnson, 1976) drawing of calzirtite showing all 
metal atoms in a unit cell. The octahedral coordination spheres 
are also illustrated. Two planes are shaded at y = 0.0 and 
y = 0.33. Ml= Zr; M2 = Ti,Fe,Nb; M3 = Ca; M4 = Zr; Xl-X5 = 
oxygen. 
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required that the M2 and M3 cations be interchanged 1n order to 
maintain octahedral coordination of Ti(Fe,Nb) and 8-fold coordination 
of Ca+ Zr. Third, Pyatenko and Pudovkina (1961) proposed that the 
M1 and M3 sites were occupied by Ca and Ca + Zr respectively. In 
this analysis, these sites were found to be occupied by Zr(M1) and 
Ca(M3) only. Finally, the M1 (Zr) atoms are found to be displaced 
from special position 8(b) at (0,0,\) to partially occupy special 
pas ition 16( f) at ( x, x, \) where x - 0. 01264( 4). Each of these 
half-atoms now lie towards one side of the cube (Fig. 3) forming four 
0 0 
bonds with XS oxygen anions at 2.034 A and 2.073 A and four bonds 
0 0 
with X4 oxygen atoms at 2. 247 A and 2. 704 A. Were this atom to 
occupy site 8(b), then it would be coordinated by four oxygen anions 
0 0 
(XS) at 2.036 A and four more (X4) at 2.471 A. 
From an X-ray powder refinement of synthetic calzirtite, Rossell 
(1982) also found that Zr randomly occupied one of two sites in a 
distorted cube of oxygens. Rossells bond strength calculations 
revealed that Zr in triangular prismatic coordination was significantly 
underbonded and that the two more distant · anions of the cube were 
required in order to satisfy the formal charge on Zr. These results 
led Rossell to conclude that Zr was in d-fold coordination, however, 
the cause of the cation displacement remained unresolved. The 
present analysis has provided little extra structural information on 
the M1 environment. Bond strength sums calculated for Zr, using 
the more precise data, shows that this cation is underbonded (3.80 
v.u.) 1n triangular prismatic (6-fold) coordination and slightly 
overbonded in 8-fold coordination (4.08 v.u.). Furthermore, nearest 
neighbour cations, M4 (Zr) and M2 (Ti, Nb, Fe), lie at 3.265 and 
0 
3. 318 A respectively from the M1 site and are not expected to exert 
unusually large forces of repulsion. In geometric terms, it appears 
that the volume of the M1 polyhedron, fixed by the surrounding 
framework, 1s too large for the Zr ion to reside at its center. 
Instead, the cation is positioned to one side of the distorted cube in 
triangular prismatic coordination g1v1ng a mean bond length of 2.118 
0 
A for the six Zr-0 bonds involved. 
Zirconium 1s 8-fold coordinated with oxygen 1n the common 
accessory mineral zircon, where it is bonded to four oxygens at a 
0 0 
distance of 2.268 A and four at 2.131 A in a triangular dodecahedral 
arrangement (Robinson et al., 1971). The coordination geometry of 
Fig. 2. ORTEP II diagram of the plane of metal atoms shaded ,n fig.I 
at y = 0.33. The completed coordination spheres of the cations 
have been included. 
~ 
z 
Fig. 3. Drawing of the plane of metal atoms shaded at y = 0.0 1n 
fig. 1. The coordination spheres of the cations are also shown. 
ORTEP II (Johnson, 1976) was used to provide the diagram. 
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Zr with oxygen, in high temperature Zro2 , 1s similar to that 1n zircon 0 0 
but contains four Zr-0 bonds of 2.065 A and four of 2.455 A 
(Teufer, 1962). This latter structure is a distorted fluorite-type 
phase in which bond lengths are similar to Zr-0 distances in calzirtite 
if Zr were to occupy the center of the distorted cube (site 8b). 
Results of the position of Zr in the 8-fold polyhedron in calzirtite, 
suggest that the position of Zr in tetragonal Zro2 could be expected 
to show a similar displacement within the cubic polyhedron. The 
refinement of the crystal structure of tetragonal Zro2 (R = 0.067) 
(Teufer, 1962) was carried out using a small number of X-ray powder 
reflections recorded at high temperature. A split site for Zr was not 
considered in the model and a final difference Fourier synthesis was 
not calculated. However, the splitting of one of the three Ti sites in 
zirconolite also was not detected by powder methods (Rossell, 1980a) 
and thus, it is plausible that splitting of the Zr site into two closely 
spaced sites within the cubic polyhedron may also occur in tetragonal 
Zro2 . A new refinement of this structure, using modern methods, is 
required in order to test this model (tetragonal Zro2 can be obtained 
at room temperature by decomposition of Z rO 2 . 2H 2o). No either 
fluorite-related Zr phases have a split Zr site (e.g. Thornber et al., 
1968; Rossell, 1976) although zirconolite has a small amount of Zr 
substituting for Ti on the split Ti(2) site (Gatehouse et al., 1981). 
Calzirtite and zirconolite are anion deficient fluorite-related 
superstructure phases. The anion vacancies 1n both structures 
reduce some of the polyhedra from cubic (in ideal fluorite) to 7- and 
6-fold coordination. The cations are ordered within these polyhedra 
such that the larger atom (Ca) occupies the site of higher 
coordination (8-fold) and largest volume. Titanium, of smallest ionic 
radius, occupies the octahedral sites (ignoring the unusual trigonal 
bipyramid 5-fold Ti(2) site in zirconolite) while the intermediate sized 
cation, Zr, orders into 7-fold truncated cubes. The titanium 
octahedron 1n calzirtite is fairly regular and is similar to the Ti(3)06 
octahedron occurring in zirconolite. Zro7 and Cao8 figures in both 
structures are also similar. However, as a result of the high Zr 
content in calzirtite, one-fifth of the Zr atoms occupy a distorted 
fluorite-type cube in this structure. 
The positions of the atoms surrounding the anion vacancy at 
(\,0.5833, 1/8) in calzirtite form a tetrahedron of metal atoms, 2 x M1 
95. 
and 2 x M2, and an octahed ran of oxygen an ions, X1, X4, X3, X2 
(Fig. 4). In the ideal fluorite arrangement metal-metal and 
0 
oxygen-oxygen distances would be approximately 3.55 A. Table 5 
shows that the cation-cation distances of calzi rtite have increased by 
O 0 
,,,0.3 A and the oxygen-oxygen lengths have decreased by "'0 .5 A. 
These are the expected effects from electrostatic repulsions and 
attractions and show the essentially 1on1c nature of the structure. 
This type of relaxation of atoms from their ideal fluorite positions is 
also found in zirconolite (Rossell, 1980a) and in many other anion 
deficient fluorite-related superstructures (for examples see: 
Thornber et al., 1968, zr5sc2o 13 , zr3sc4o 12 ; Thornber and Bevan, 
1970, zr3Yb 4o 12 ; Allpress et al., 1975, CaHf4o 9 , ca6 Ht 19o 44 ; 
Rossell and Scott, 1975, ca2 Hf7o 16 ; Rossell, 1976; Rossell, 1979, 
Ln 3Mo7 , where Ln = REE, Y or Sc and M = Nb, Sb or Ta). 
TABLE 5 
0 
Bond lengths (A) of polyhedron around vacant site for 
Jacupiranga calzirtite; E.s.d's are given in parentheses. 
Metal tetrahedron Anion octahedron 
M2-M2 1 3.524(1) X1-X4, X1-X4 1 2.848(4) 
M2'-M4 M4'-M2 3.809(1) X4-X3, X4 1-X3 1 2.860(4) 
M2-M4 M2 1-M4 1 3.863(1) X1-X3, X1-X3 1 2.908(4) 
M4 1-M4 1 3.867(1) X4-X3 1 , X4'-X3 2.982(4) 
X4-X2, X4'-X2 3.088(4) 
X3-X2, X3'-X2 3.038(4) 
Recent crystal chemical studies by Rossel I ( pers. comm.) have 
shown that calzirtite is stabilized with zirconolite at low Ti /Zr ratios 
( < 1. 4) at 1300°C. Thus, under appropriate conditions of SYN ROC 
formation, e.g. increased Zr content, calzirtite may also crystallize as 
a minor phase. The new information on the cation sites in calzirtite 
suggests that rare earth and actinide elements could be accommodated 
within the Ca and Zr polyhedra. However, mi crop robe analyses of 
coexisting zirconolite and calzirtite minerals, occurring in carbonatites 
from Jacupiranga and Kaiserstuhl, show that U and Th are strongly 
partitioned into the former phase. If calzirtite were to crystallize in 
X4 
X3 
Fig. 4. Diagram showing the cation tetrahedron (M2, M4) and anion 
octahedron (Xl, X2, X3, X4) surrounding the vacant anion 
site at (\,0.5833,1/8). 
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any SYNROC formulations, then a similar partion could be e x pected t o 
take place. The presence of small amounts of th is p hase 1n S YNROC 
would be particularly difficult to detect. It's X-ra y powder 
diffraction pattern is characterized by strong fluorite-type s ubce ll 
reflections and its major cations are the same as for zircono lite ( Ca , 
Zr, Ti). The latter similarity appears to have led some au t hors 
(Raber and Haggerty, 1979) to misidentify calzirtite for zirconolite in 
kimberlites from southern Africa. Raber and Haggerty used t he 
Ti/Zr ratio in zirconolite as a geothermometer, but their electron 
microprobe analyses from the Mothae kimberlite pipe shows that the 
sample possesses a Zro2 content of 71. 27 wt percent, suggesting the 
presence of calzirtite (Zro2 ,.., 70 wt %) . 
If calzirtite were to form in some SYNROC mixes, it 1s important 
to know how this structure withstands the effects of nuclear 
radiation. Jacupiranga calzirtite has accumulated a radiation dose of 
3. 7 x 1017 alphas/gram from the decay of natural uranium con t a ined 
within the crystal. The dose has been calculated using an age of 133 
my and a uo2 content of 0.1 wt percent. The present single crystal 
analysis has shown that the atomic structure of this specimen has 
remained unaffected by the small amount of alpha irradiation. In 
addition, the essentially ionic character of this phase (discussed 
above) and the close relationship of its crystal structure to the 
fluorite-type structure suggests that calzi rtite wi 11 be e xtreme ly 
resistant to the damaging effects of alpha-recoil. 
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~ ") 103 89 7 0 732 725 4 1 336 34 6 
9 2 3S9 364 9 0 342 339 5 1 418 430 
1 0 2 6S 85 1 1 673 656 2 2 58 6 588 ~ ~ 1 3 6 1 99 ? 1 1163 1 162 3 2 126 125 
4 .s 1 064 1 0 51 3 1 3 06 297 ... 2 2 9 l.J 2 ~5 c:; 3 84 62 4 1 726 73 3 5 2 47 47 
6 ) 873 ~8 1 ) 1 107 98 3 3 605 61 3 ( 7 1 0--, 1 79 6 1 4 71 4 5 6 4 3 1 7 2 173 _) , _") Q ~ 9 >3 90 7 1 327 31 8 
APPENDIX B. 
Observed and cal cu lated structure factors for 
ScAI03 perovskite 
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APPENDIX C 
Observed and calculated structure factors for Sc 2s; 2o7 pyrochlore 
H K FQp, r(AL H K FO E; S FC/l. L 
**L = ; * * * * 1 (\ 4 3 : l 7 1 . 
4 .., 1~lS 1 l 3 Q ,s 6 2~ 1 2310 
-C 
' 
3.~?l ~ 2 1 ° p 6 7)~ ?. L l. I.., 
" 1 2 ,; 1 21 S 1 ~ \J? 1 . / /... 1 71 7 1 7 ~ Q . .., 
6 ) t... • I c9 p 1 2 6 3 f:. -, , 1 '? '~ :.+ 
- -1 t .., 4 71-; - - .. 1 ( 1 ::, 1,7 P 1 ~ S 1 c : (. ... .., ..J 
1 4 ~ -; c:: I., ;>7R '* * L = 7..,,_ * '1< * ~ - .,J 4 4 4 5 .: Q l I. 7 f "Z 3 1 2 :: ~ 1 1 2 7 .., 
E 4 196~ 1 r,' 2 r 7 7 c r -, 1 ... \) 1 .,; - . 
1 2 4 1 ~ 1 ~ 1~3l 9 ~ :97 S9[ ..J 
6 6 7 c:: A. 75: 1 3 3 41 7 "Z C' 
- - L.. -1G 0 7 ':) 0 1 1 5 5 4 ,0 L 1 9 
E ~ 1 7 5 I~ 1'65 7 5 l i ? 44 8 ,. -., 
1 2 .. 1 3 /.. -, 1 <-f:" 1 3 5 239 7 !j 0 
1 L 1 ~ -, "Z ? ~ - r 7 7 ~t..L ~Sl ., - - 0 . 
**L = 1**** 1 1 7 ?7? 't.. 7 
5 1 9 1 ; 987 * * L - L.**'** -7 1 41 7 l5~ 4 I 2 ·_· 9 1 'i 1 ... " , 
- ~ -( 3 ... l C: ~ ~ l ,: C ~ 4. 21 : ? ~ 1 ~ 4. .,; I ~ . ,) 
5 3 3 4 f: ?99 1 2 4 1 ? q f 1 L. : • ., 
7 3 ~ C :; ' . .... 7 t~ 6 t ,. - 6 : c.: :54 
1 1 3 ? F Q 
-- -
231 1 6 L. 3 ... 497 
1 3 3 4f5 452 ~ s 1 <; 1 1 1 c; 1 9 
~ 5 3 - c:. l22 **L = c:' * * * .. .., 
0 5 3 '3 4 ~30 5 ) 7 ';: 7 7<:; 9 
7 7 5 1 ° l95 1 1 5 4 6 .... S 1 3 
9 7 2 q:? 2 c:: **L = f. ..... * '* ..} 
**L = ?*** * 6 6 1 G 6 1 1 96 ?, 
2 : 3971 4 , .. S o 1 0 6 1 l 5 " 1 S 1 1 '-
4 2 t... '? 1' :: y 5 * * L = '**'** ~ '- -6 2 2~ 9 0 2 9 79 7 7 :: C :?t ~ -8 (. 772 9 1 l 9 7 s ,.., Q l t- -- {_ 1 ~ C: 197~ 1 ': /. c:: . .... - **L = ~ * * * * 
1 2 t:: 43Q S4t 8 0 1 : .) 4 021 
1 4 2 1<-7-, ..... 5 r· J ...J 
APPENDIX D. 
Observed and calculated structure factors 
for BaAl 2 Ti 6o16 
K L FOBS FCAL K L FOBS FCAL K L FOBS FCAL K L FOBS F CAL 
**H = O•••• 1 0 76 92 4 0 851 848 1 2 1 97 95 
0 2 1 4 E 7 1469 1 2 30E 314 4 2 26 5 2 64 1 2 3 206 190 
C 4 6 7 c_ 64 E 1 4 2C6 20 0 4- 4 98 91 1 3 0 34P 336 
0 6 422 398 1 6 11 1 94 5 1 1 21 2 1231 1 3 2 1 5 5 16R 
1 1 307 28 7 2 1 788 820 5 3 so 4 ~ 1 1 1 3 6 99 72 
2 0 2E2 282 2 3 252 251 5 5 332 3 31 1 4 1 331 359 
2 2 424 425 2 5 216 175 5 7 186 194 , 4 3 165 196 
2 .:. 256 265 2 7 1 1 4 105 6 0 27 9 26:J 1 4 5 1 5 1 148 
2 b 99 139 3 0 1316 1?77 7 1 1 5 9 157 1 5 2 159 165 
7 1 10E4 1 0~ 6 ~ 2 5~0 586 7 ~ ?1 3 29s 1 5 4 1 2 "'t 144 3 3 21 4 2 5 4 2 5 266 7 5 11 9 1 6 1 6 3 130 1 1 1 
~ 5 170 146 3 6 1 8 7 174 8 0 424 442 1 8 1 126 132 
4 G 41 c' 420 4 1 523 527 8 '- 96 126 1 8 3 156 166 4 2 544 536 4 3 469 456 9 3 1 9 3 1 91 1 9 C 1 1 6 122 
4 4 326 3 3 9 4 5 21 3 239 1 0 0 23 R 235 20 1 262 254 
4 6 1 4 8 182 5 0 228 211 11 1 69 0 686 20 3 175 170 
5 1 21 ~ 216 5 2 3 4 7 352 11 3 ~71 383 **H = 4•••• 
5 3 295 296 5 4 21 2 229 11 5 275 270 1 1 969 938 
s 5 1 4? 154 6 1 2 2 1 21 5 1 2 0 332 ) 1 4 1 3 325 314 
6 0 1556 1 5 5 1 7 0 356 348 1 2 2 120 122 1 5 231 208 
6 2 861 82E 7 2 479 469 1 3 3 128 152 1 7 1 2 2 122 
6 4 439 436 7 4 31 3 323 1 4 0 1 5 8 1 5 6 2 0 566 570 
6 6 294 279 7 6 139 177 1 5 1 10P 95 2 " 174 172 (. 
7 1 323 310 8 1 335 31 2 1 5 3 150 163 2 4 90 70 
e 0 72 71 9 0 997 9P9 1 5 5 131 102 3 1 219 203 
E, 2 130 144 9 2 580 584 16 2 1 3 1 143 3 3 86 77 
8 4 11 8 125 9 4 330 348 1 7 1 20 5 223 4 0 590 6 09 
9 1 364 372 9 6 216 229 18 0 193 189 4 2 213 202 
9 6 ~82 2¢~ 1 0 3 140 1 3 5 22 2 104 104 i:: 1 425 429 ., 1 0 11 0 9 1 71 **H = :**** :; 3 428 416 
1 0 2 425 420 1 1 2 101 101 1 0 92 3 Q23 5 5 200 228 
10 4 291 314 1 1 4 1 1 0 102 1 2 :_i:31 3 04 6 0 293 291 
1 0 6 173 177 1 2 1 198 21 6 1 4 139 11 2 6 2 444 i.48 
1 1 1 244 24 0 1 3 0 190 170 2 1 44 7 t. 4 3 6 4 296 31E 
1 1 3 3 3 0 308 1 3 2 289 281 3 2 38 3 377 6 6 16 2 170 
1 1 5 172 185 1 3 4 220 2 2 7 3 4 ;:'70 2 b 1 7 1 303 301 
1 2 0 421 455 1 5 0 5 11 51 2 4 3 24 5 244 8 0 273 255 
1 2 2 229 24 3 1 5 2 355 352 5 0 54 0 553 9 1 3b1 357 
1 2 4 1 4 5 144 1 5 4 234 240 5 2 176 169 9 3 95 105 
1 3 1 124 107 1 6 1 14 2 123 5 4 85 6? 9 C 122 89 ., 
1 4 0 189 193 1 7 0 148 137 6 1 360 350 1 0 0 581 578 
1 5 1 227 251 18 1 1 3 1 146 7 0 72 3 715 1 0 2 31e 315 
1 S 5 89 86 19 2 162 164 7 2 '? 2 2 '? t'. 8 1 0 4 1 b 4 1 8 S 
1 6 0 143 152 1 9 4 139 134 7 4 187 1 68 1 0 6 149 123 
1 6 2 238 227 2 1 0 1 6 5 1 71 7 6 11 7 1 1 5 1 1 3 180 189 
1 6 4 197 187 21 2 106 11 1 b 1 ;98 4 05 1 1 5 1 Z 2 11; 
1 7 1 1 2 5 11 4 **H = 2**** 8 3 132 124 1 2 2 177 186 
1 7 3 16 2 157 1 1 520 5 3 5 9 0 21 7 2 01 1 2 4 153 157 
1 7 5 88 96 1 3 531 504 9 2 3 5 5 3 51 1 3 1 11 2 147 
1 e 0 143 164 1 5 245 26 2 9 4 244 270 1 5 1 201 201 
20 0 164 157 1 7 1 3 7 137 9 6 1 2 5 150 1 6 0 427 426 
20 2 106 92 2 0 621 634 10 1 1 4 1 120 1 6 2 31 5 297 
21 1 216 217 2 2 1 1 4 1 21 10 3 ?2 9 ?26 16 4 210 203 
21 3 11 6 141 3 1 11 8 107 10 5 1 2 2 1 3 '.J 22 0 178 190 
**H = 1•••• 3 3 136 138 11 0 109 142 22 2 120 137 
K L FOBS FCAL K L F 08 S FCAL K L FOBS FCAL K L FOBS F C ,t L 
**H = 5•••• 5 5 1 2 3 166 1 3 2 20 3 206 3 6 1 2 0 1 4 0 1 0 74 0 717 6 0 874 883 1 3 4 164 1 7 5 4 1 1 5 8 1 5 1 
1 2 1 7 7 192 6 2 459 484 1 5 0 461 4 61 4 3 2 6 3 262 
2 1 610 611 6 4 277 277 1 5 2 32 8 331 4 5 1 5 1 156 
2 3 535 52e 6 6 205 183 1 5 4 2G 8 232 5 0 496 519 
2 5 2 5 3 291 7 1 555 544 16 1 1 31 139 5 2 247 254 
2 7 1 4 1 158 7 3 21 2 223 1 b 1 135 136 5 4 1 2 3 1 I. 2 
7 0 268 278 7 5 1 5 5 160 19 2 137 107 6 1 176 172 
4 1 12EO 1320 8 2 1 8 5 21 2 21 0 140 148 7 0 385 379 
4 3 sea 59 2 8 4 182 173 21 2 106 98 7 2 160 162 
" 
5 372 ?.8? 9 1 1 2 2 1 2 5 **H = 8•••• 7 6 97 6?, 
5 0 355 344 1 0 2 164 133 1 1 2 5 3 244 8 1 345 363 
6 1 1 5 4 149 1 0 4 1 2 3 1 2 1 1 3 376 345 8 3 1 4 7 159 
6 3 93 7 :, 11 1 283 307 1 5 147 195 8 5 11 6 120 
7 0 601 632 1 1 3 356 349 2 0 1 2 5 1 2 1 9 0 160 170 
7 2 239 27t 1 1 C: 206 216 2 2 108 103 9 2 277 283 ., 
7 6 1 2 4 100 1 2 0 236 245 2 4 11 5 102 9 4 2 2 4 22e 
8 1 331 327 1 3 1 322 318 "l 1 272 ::' 6 0 1 G 1 1 41 136 .., 
8 3 409 38 5 1 3 3 120 1 6 1 4 0 563 5 64 1 0 3 224 210 
E 5 1 E 0 228 1 3 5 160 121 4 2 23 4 234 11 0 1 2 1 143 
9 2 127 129 1 4 0 11 8 71 4 
' 
147 1 1 :: 1 2 1 1 09 87 
9 4 132 126 1 7 1 193 173 .. 6 11 2 88 1 2 3 146 157 
1 0 1 617 611 1 7 3 187 198 5 1 55 9 564 1 3 0 264 240 
10 3 ~27 322 19 1 1' -:, 11.3 5 3 24 7 246 1 4 1 264 293 
1 0 5 224 227 20 0 132 89 5 5 20 7 1 7 4 1 4 3 1 5 7 169 
1 1 0 273 244 21 1 11 6 124 6 0 30 e 319 1 4 5 143 125 
1 2 1 239 234 **H = 7•••* 6 2 101 83 1 5 2 1 2 2 147 
1 3 0 332 352 1 0 208 21 2 7 1 . o5 63 1 5 4 11 8 127 
1 3 2 1 EE 191 1 4 91 84 7 3 182 192 1 8 1 1 5 3 119 
1 4 1 243 235 2 1 348 321 7 5 104 1 08 1 8 3 169 143 
1 4 3 298 276 3 C 916 908 8 0 107 1 2 3 1 9 0 120 106 
1 I. 5 1 5 5 175 3 2 501 480 8 2 95 56 '1 9 2 102 53 
1 5 2 1 5 9 13 1 3 4 262 268 10 0 230 208 20 1 216 210 
1 5 4 1 4 3 11 5 3 6 1 91 180 10 2 96 43 2G 3 11 4 14 3 
1 6 1 137 167 4 1 199 190 11 1 401 412 **H = 10•••• 
1 8 1 175 16 1 4 3 277 28 8 11 3 230 223 1 1 374 359 
1 8 3 1 G c 80 4 5 140 164 1 1 5 170 162 1 3 1 2 (1 114 
1 9 0 199 208 5 0 250 258 12 0 31 7 323 1 5 111 89 
1 9 2 128 135 5 2 396 394 1 2 2 162 175 2 0 668 660 
20 1 1 3 2 1 5 5 5 4 258 286 12 4 126 105 2 2 345 369 
2C 3 1 7 E 16 9 5 6 1 5 5 156 1 3 3 11 3 1 2 2 2 4 235 222 
23 2 102 106 6 , 185 198 14 2 101 55 2 6 147 152 
• * H = 6•••• 7 0 1 3 3 136 1 5 3 132 76 3 3 1 61. 152 1 1 566 5 6 () 7 2 ?79 ?90 17 1 132 135 I. 0 198 197 
1 3 127 142 7 4 199 232 1 8 0 20 5 21 5 6 0 311 323 
1 5 1 2 Q 10 (1 8 1 148 1 I. 6 18 2 137 142 6 2 . 41 4 427 
2 0 16~ 16P 9 ~ r~~ 786 22 2 11 7 11 0 6 4 ., g6 f~~ 2 2 36 36 3 9 5 9 ••H = Q•••• 6 6 
' 5 2 4 262 26 0 9 4 318 33 2 1 0 355 346 8 0 437 450 
3 1 3 4 9 34 E 9 6 227 222 2 1 476 4 74 & 2 249 257 
I. 0 85 104 1 0 3 92 E3 "' 3 1 7 2 172 E 4 160 161 '-
I. 2 150 152 1 1 2 160 156 2 5 134 129 8 6 120 11 3 
4 4 137 1 4 1 1 1 4 138 138 3 0 179 1 7 4 9 1 1 1 5 , 11. 
5 1 1 8 9 206 1 2 1 177 208 3 2 33 6 330 1 0 0 264 266 
5 3 302 300 1 3 0 1 2 5 109 3 4 26 2 255 1 0 2 1 2 5 11 8 
K L F O 8 S FCAL K L FOSS FCAL K L FOE, S FCAL K L FOBS F CAL 
1 1 1 130 14P 6 0 303 304 11 1 24E 223 4 3 1 5 5 16b 1 ( 0 1 4 2 1 5 1 6 2 11 9 1 4 1 11 3 11 1 123 4 5 11 9 1 2 
1 2 2 223 2 3 Cl 7 1 452 455 1 2 0 26 5 25 7 5 0 239 258 1 2 4 203 1~5 7 3 2 1 1 263 1 2 2 1 5 3 16E 5 2 1 4 5 160 
1 " 0 1 83 2oe 7 5 196 190 1 2 4 1 0 2 1 1 3 9 2 107 11 8 1 5 1 1 , 1 79 9 3 1 6 2 145 14 2 10 3 50 1 0 1 1 5 1 157 
1 6 0 245 257 1 1 1 197 21 3 1 o 2 1 L. 0 11 7 1 1 0 249 247 
1 6 2 1 e 5 171 1 1 3 253 247 1 7 1 109 94 1 1 2 19E 175 1 6 4 11 6 11 ? 1 1 5 134 161 18 C 162 164 1 1 
" 
1 4 l. 122 
1 7 1 166 153 1 3 1 354 325 ••H = 1 5 • • • • 1 5 2 1 5 2 133 
••H = 11 • • • • 1 3 3 218 208 2 1 252 2 '- 2 1 7 0 1 4 5 129 1 C \ ( Q 354 1 4 0 1 1 1 ~ 1 "{ -, 1 3 i. 1 2 2 **H = 1 8 • • • • 14 5 ...; ( 1 2 13 1 1 7 1 1 5 1 138 3 4 11 6 1 09 1 1 229 244 
2 1 20 7 192 1 7 3 146 153 4 1 1 9 5 1 81 1 3 11 6 142 
2 3 272 276 1 9 1 175 1 7 2 4 3 21 9 227 3 3 1 3 2 133 
2 5 1 5 9 17 1 20 0 99 6 1 4 5 1 5 1 145 6 0 1 2 3 128 
"t 2 1 3 2 126 **H = 13•••• 5 0 264 26~ 7 1 227 235 ..., 
3 4 1 4 8 11 7 1 0 173 178 5 2 1 5 3 145 7 3 11 1 146 ' 
" 
1 7 L. 8 74 6 2 1 1 <; 4 187 b 1 20 7 1 t, 8 8 0 77 8 
4 3 432 44C 3 0 378 380 7 0 120 11 6 1 1 3 136 1 31 
4 5 31 1 309 3 2 201 207 8 1 194 1 8 4 1 3 1 190 1 71 
i::: 0 30 :· 294 3 6 134 9C 9 -, 11 7 89 ••H = 19•••• (. 5 2 126 1 0 L. 4 3 1 2 5 133 10 1 172 167 1 0 121 1 4 l. 
6 3 14 9 1 4 t, 5 0 122 11 6 10 3 173 1 93 3 0 1 1 1 130 
7 G 362 :84 5 2 216 220 11 4 9 iJ 32 6 3 108 95 
7 2 213 202 5 4 1 e 1 179 1 3 0 122 88 9 0 1 2 9 154 
7 4 1 2 1 1 2 1 6 3 101 84 14 1 172 1 51 1 5 0 138 124 
8 1 1 4 3 123 7 2 133 124 1 4 3 104 83 ••H = 20•••• 
8 3 216 202 8 1 11 2 124 ••H = 16•••• 1 1 11 8 132 
8 5 1 2 2 126 9 0 3 77 384 2 0 471 4 65 1 3 162 1 5 3 
9 2 1 8 9 194 9 2 226 252 2 2 34 9 ~29 2 2 147 11 9 
9 4 149 16 5 9 4 190 170 2 4 256 229 2 4 106 102 
1 C 1 41 5 42E 1 5 0 260 256 3 3 11 7 93 3 1 203 205 
1 0 3 241 255 1 5 2 167 180 4 2 137 11 7 3 3 132 12~ 
1 0 5 1 f 9 184 1 6 1 1 E 3 135 5 1 16 3 146 6 0 1 8 1 192 
1 1 0 26 8 26 0 **H = 14•••• 6 0 190 20E 6 2 1 31 129 
11 2 1 5 3 13t 1 1 192 205 6 2 261 266 11 1 11 2 90 
1 1 4 11 1 8 1 1 3 246 259 6 4 187 21 4 1 2 0 148 150 
1 3 0 229 24 C 1 5 1 2: 160 7 3 120 1 i 8 1 i ..... 131 106 I'.. 
1 4 3 15 0 12E 2 2 109 1 4 1 8 0 392 "l 71 **H = 21•••• 
1 5 2 137 17E 2 4 123 130 8 2 27 3 2 06 4 1 132 129 
1 5 4 162 14 5 3 , 2 79 28 8 b 4 17 ? 168 4 3 1 41 1 4: 
1 9 0 11 6 12f 3 3 1 31 137 10 0 80 so 6 1 196 189 
• * H = 12**** 3 5 1 1 Q 105 1 1 1 176 1 !:: 1 6 3" 136 125 1 1 4 39 4 4 f: 4 0 2 3 t. 2 2 8 1 1 "t 1C E 1 0 ~ 1 C 1 1 31 132 
1 3 21 2 217 4 2 1 05 93 1 2 2 1 5 7 15C ••H = 22•••• 
1 5 17 3 154 5 1 ~38 229 12 4 1 3 3 1, 4 2 0 1 8 2 195 
- 2 1 6 3 14 6 6 C 279 292 1 4 0 1 71 2 L 1 2 2 138 1 41 C 
7 1 f9 65 6 2 1 3 0 160 , 4 2 13 0 1 41 8 0 1 71 15E 
-"t 3 167 167 6 4 105 99 1 7 1 122 142 ••H = 23•••• 
-4 0 201 203 7 3 154 156 ••H = 1 7 • • • • 1 2 1 1 2 88 
5 3 162 15 ] 9 1 1 0 0 1 30 4 1 250 2 7 L. 5 CJ 129 1 51 
APPENDIX E. 
Observed and calculated structure factors 
for priderite 
K L FOBS F CAL K L FOBS F CAL K L FOBS FCAL K L FOBS F CA I( L FOBS F CAL 
••H = O•••• 9 4 42 3 428 4 1 ,23 218 20 2 a1 8 0 1 2 C 1 77 1 7 t 0 2 1494 1 5 1 6 9 6 269 262 4 3 172 181 20 4 73 67 1 2 2 10~ 1 2 1 0 4 74 8 74 7 1 0 1 52 62 4 5 1 2 1 125 22 0 196 196 1 2 4 61 77 6 I. I. 7 I. 3 7 1 0 3 68 81 I. 7 76 75 Z2 2 167 174 1 3 1 31 6 3 1 2 1 1 1 7 1 H8 11 0 56 56 s 0 4 1 8 '- S 2 23 1 87 7o 1 3 3 233 2 3 1 1 3 39 3 5 11 2 1 Q I. 97 s 2 235 227 ••H = s * * • * 1 3 5 158 1 5 2 2 Q 568 '-bl 1 1 I. 71 ~2 s 4 13 3 128 1 0 576 584 1 5 3 45 I. 5 
' ' 
'-2"1 t. 2 8 1 2 1 11.. 9 1 S 3 s 6 76 73 1 
' 
227 228 1 6 2 71. 3 e 2 I. 232 236 1 2 3 69 81.. 6 1 262 21. 7 1 4 105 97 16 4 52 3t' 2 6 140 11. <; 1 3 0 298 301 6 3 88 87 2 1 773 763 1 7 1 2 S ~ ( I. 5 3 1 921 e91 1 3 2 307 305 7 0 034 624 2 3 488 I. 9 2 1 7 3 '2 1 ? 16 
' 3 31 9 '1 5 1 3 I. 231 239 7 2 406 3B9 2 5 3 11 314 19 1 13 7 133 3 5 16 2 156 1 3 6 14 8 156 7 4 2 1. 2 2 31.. 2 7 182 183 19 3 1 1 (l 102 3 7 91.. 89 1 5 0 503 486 7 6 1 4 7 1 39 3 0 9 9 135 20 0 98 65 I. 0 6 63 617 1 5 2 387 '-G9 8 1 578 375 I. 1 127 7 1270 , O 2 Be 5 ' I. 2 539 5 t. o 1 5 I. 30~ 29 1.. 8 "t 2 19 22S I. 3 716 722 2 1 1 1 4 ·• 140 I. 4 317 3 2 3 16 1 1 3 7 1 QI. 8 5 130 139 4 5 44 0 436 2 1 3 11 '- 11 0 4 6 19 5 2C3 16 3 90 68 9 0 S93 361 5 0 218 225 23 1 81.. 11 2 5 1 369 362 16 5 67 41 9 2 383 380 5 2 76 68 • • H = 7•••• 5 "t 246 ?I.(., 1 7 0 11 4 91 9 4 ~ 7 5 277 6 1 69 5 2 1 0 31' 5 1 5 5 143 1 5 7 1 7 2 80 64 9 6 181 179 7 0 493 509 1 2 so 59 s 7 89 93 1 8 1 99 124 1 0 1 c:: 4 8 235 7 2 296 303 2 1 258 253 0 0 1362 1 4 1 1 1 8 3 84 90 1 0 3 ,20 208 7 4 166 174 2 3 138 132 6 2 926 0(•6 1 9 0 18 5 202 1 0 5 166 149 7 6 107 102 2 5 88 75 6 4 528 522 1 9 2 192 19 5 1 2 1 168 179 8 1 458 45 6 3 0 841 <\ 5 (' 6 6 31 7 31 3 1 9 4 154 156 1 2 3 169 167 8 3 368 371 3 2 571 S6e 7 1 261 253 20 3 61 57 1 2 5 1 08 123 8 5 254 257 l: I.. 356 ~ 5 ? 7 3 12C 122 21 0 16 7 160 1 3 0 L73 2 64 9 0 79 76 3 6 229 214 7 5 p . 67 21 2 128 139 1 3 2 192 197 9 2 131 126 4 1 324 328 a 0 79 71 23 0 11 7 99 1 3 4 145 133 9 4 93 105 4 3 257 255 8 2 130 129 23 2 97 86 1 3 6 83 8 1 9 6 62 72 4 5 166 176 8 4 84 95 2 4 1 66 86 1 4 1 .:.6 3 :86 10 1 582 587 5 0 462 452 a 6 S 5 6'- **H = 2 *. *. 14 3 Z91 292 1 0 3 397 1. 09 s 2 I. 21. I. 2 7 9 1 300 310 1 1 717 731 14 5 i03 19 5 10 5 269 265 5 4 2 81. 2 <; 5 9 3 1 5 7 1 71.. 1 3 1..8 2 4 72 1 5 0 156 162 11 0 203 163 5 6 18 5 Be 9 5 101 102 1 5 287 295 1 5 2 177 1 71 11 2 117 91.. 6 1 124 141 1 0 0 485 '- 6 3 1 7 173 1 71 1 5 4 129 140 11 4 76 53 6 3 5 (l 59 10 2 459 I. 4 2 2 0 451 509 1 6 1 14 3 126 1 2 1 2 2 7 204 7 0 293 2 bl. 1 0 4 31 2 320 2 2 177 1 70 1 6 3 132 120 1 2 3 144 134 7 2 285 295 10 6 207 205 2 I. 6: 77 1 6 5 <; 5 90 1 2 5 93 83 7 4 209 2H 11 1 360 353 2 6 59 40 18 1 . 189 1 91 1 3 0 291 297 7 6 136 143 11 3 301 297 3 3 '-6 48 18 3 177 1 71 13 2 201 230 0 1 87 67 1 1 5 199 20<; 4 0 683 685 1 9 0 73 65 1 3 4 14 7 1 5 7 9 0 776 762 1 2 0 38 0 395 4 2 309 ,91 20 1 , 91 294 1 4 1 335 3 31 9 2 614 601.. 1 2 2 27() 296 4 4 143 134 20 3 238 237 14 3 283 289 9 4 413 41 7 1 2 4 187 2(,0 4 6 61.. 74 2 1 2 52 7 1 4 5 2 OP, 207 9 6 26 '- 260 1 2 6 121 122 5 1 1200 1191 24 1 101 102 1 5 0 1 4.; 136 11 C, 163 165 13 1 67 6, 5 3 61..1.. 650 ••H = , .... 1 5 2 163 140 11 2 191 1 E3 1 4 0 146 129 5 5 401 387 1 1 067 867 1 5 4 1 3 ') 1 2 1 1 1 4 132 148 14 2 75 83 5 7 227 222 1 3 437 432 1 6 1 1::.4 158 11 6 85 98 1 5 1 231 2 5 1 6 0 1 1 2 126 1 5 259 248 1 6 3 84 1 1 5 1 2 1 139 17 ~ 1 5 3 162 18 5 7 1 325 331 1 7 1 5 2 141 17 0 5~ 72 1 2 3 8 1 11 I. 1 5 5 11 8 1 2 1 7 3 273 276 2 0 '- 11 475 1 7 2 7 •J 31 1 3 0 208 2 1 1 1 6 Q 260 263 7 5 195 192 2 2 2 48 237 1 8 1 174 159 1 3 2 2U 216 16 2 2 5 7 258 E El 299 328 2 4 139 137 1-8 3 H9 1 i' 1 1 3 4 186 176 16 4 190 205 8 2 14& 158 2 6 80 79 1 9 0 21 2 218 1 4 3 67 73 1 7 1 190 1b8 8 4 78 ao 3 1 11 7 107 1 9 2 162 189 1 5 0 472 462 1 7 3 177 170 9 1 130 136 4 0 446 484 1 9 4 137 133 1 5 2 390 ?-99 1 7 5 124 123 9 3 143 138 4 2 2 47 246 20 1 206 ~ 17 1 5 4 288 292 11:1 0 1 2 1 3 7 9 5 100 105 4 4 1 5 1 138 20 "t 188 189 16 1 169 134 1 o 2 91 1 1 0 10 0 107 87 4 6 87 79 2 1 6 11 2 89 16 3 122 96 1 o 4 5 5 75 1 1 1 703 690 5 1 583 572 21 2 1 1 2 8d 1 6 5 83 62 20 0 1 5 5 1 3 1 11 3 479 492 5 3 39 1 375 23 0 130 13 7 1 8 1 104 1 2; 
. " 2 1 2 1 1 11 1 1 5 3 2c'. 322 5 5 c. 49 21. ! 23 2 107 130 18 3 68 92 Lu 20 4 88 79 1 2 0 27e 256 6 0 5 1 4 491 24 1 88 71 1 9 0 132 133 Z 1 1 2 48 255 1 2 2 173 175 6 2 .. as 478 ••H = 6•••• 1 9 2 138 130 2 1 3 204 2U6 1 2 4 11 8 1 1 1 6 4 .518 326 1 1 507 501 1 9 4 1 1 6 1 G 5 Z 2 0 65 89 1 2 6 68 65 6 6 c.02 208 1 3 21. 9 250 20 1 88 105 22 2 80 87 1 3 1 129 14 8 7 1 i2 5 235 1 5 149 141 20 3 87 95 23 1 71 77 1 3 3 137 144 7 3 11 5 123 1 7 88 78 2 1 0 132 14 5 21.. 0 5 1 68 1 3 5 1 ()4 107 7 5 72 69 2 0 41 2 384 2 1 2 11 1 1 2 7 
• • H = 1 ••• * 14 0 67 81 8 0 149 146 2 2 391 393 22 1 83 5£ 1 0 371 292 1 5 1 1 71 157 8 2 62 5 5 2 4 260 261 23 0 7 0 46 1 2 299 310 1 5 3 1 S 2 149 9 1 320 296 2 6 168 1 6 7 .. "' = 6 * .... 1 4 160 172 1 5 5 11 5 11 0 9 3 HIS 169 3 1 231 237 1 1 389 :'9C 1 6 98 109 1 6 0 156 160 9 5 1 2 1 99 3 3 61 79 1 3 332 32e 2 1 7 2 3 766 1 6 2 160 166 10 0 ,3 2 524 4 0 52 34 1 5 2 2 0 229 2 3 381 378 16 4 116 136 10 2 376 385 4 2 130 13C 2 2 83 86 2 5 223 21 S 1 7 1 21 1 227 1 0 4 25 3 257 4 4 102 103 2 4 77 67 2 7 129 122 1 7 3 164 174 10 6 164 157 4 6 64 71 3 1 210 209 3 0 11 91 1229 1 7 5 106 11 6 11 1 164 168 5 1 334 341 3 3 11 S 11 0 3 2 687 679 1 8 0 187 172 11 3 164 156 5 3 264 265 3 s 73 61 3 4 352 355 1 8 2 1 5 1 142 11 5 11 0 11 5 5 5 163 182 4 0 456 453 3 6 217 20E 1 8 4 100 100 1 2 0 197 204 6 G 792 800 4 2 278 265 4 1 698 685 21 1 128 103 1 2 2 234 224 6 2 5 5 1 549 4 4 160 1 5 C 4 3 410 t. 09 21 3 1 2 1 93 1 2 4 176 1 81 6 4 358 347 4 6 97 87 4 5 255 2 5 5 22 0 144 1 3 1 1 2 6 123 1 1 8 6 6 21 4 210 s 1 54 5 31.. 4 7 142 49 22 2 129 1 2 6 1 3 1 82 107 7 1 5 3 8 526 5 3 343 '!: I. 7 5 0 471 399 23 1 33 23 1 3 3 46 60 7 3 330 332 5 5 226 218 s 2 34 8 355 24 0 66 68 1 4 2 67 52 7 5 214 206 6 0 223 228 5 4 205 206 • • H = 3•••• 1 5 1 182 158 8 0 182 190 6 2 122 1 2 S s 6 11 8 13C 1 0 729 792 1 5 3 128 109 8 2 206 216 6 4 B 72 6 1 104 1 5 1 2 377 368 , s s 86 69 8 4 1 61 163 6 6 6Q 39 7 0 5 6 (1 ~37 1 4 190 185 , 6 0 449 429 8 6 88 106 7 1 188 1 9 5 7 2 I. 9 5 t. 6 7 1 6 98 1 04 1 6 2 368 ~68 10 0 11 7 91 7 3 194 1 9: 7 4 OS 316 2 1 340 :56 1 6 4 ,69 268 1 0 2 160 1 2 9 7 5 13 7 143 7 6 206 202 2 3 136 142 1 7 1 58 33 1 0 4 11 2 109 a 2 75 49 6 1 25 239 2 s 69 73 1 8 0 103 106 10 6 77 73 10 0 1 2 7 97 0 3 141 136 ~ 0 289 290 , 8 2 108 11 0 11 1 408 4 11 1 G 2 62 I. 1 C' 5 71. eC ~ 2 '-1 6 422 18 4 84 91 11 3 3 5 1 3t. 9 11 1 t.. 2 S 4 CJ6 9 0 953 02E 3 4 274 289 20 C 89 78 11 5 239 246 1 1 3 305 301 9 2 668 666 3 6 176 18 S 
K L FOBS F CAL K L FvB S F CAL I( L FOBS F CAL I( L FOBS F CAL K L FO BS F CAL 
1 3 3 106 1 2 3 1 1 225 2 5C 
11 5 2C i. 99 1 0 2 1 5 5 1 5 5 6 6 76 71 14 0 7e 66 1 3 19 G 195 1 2 0 3QQ 3 0 i. 10 4 96 102 7 1 i. 81 484 14 2 87 7 0 2 0 5 5 0 (' 1 2 2 235 242 11 1 95 109 7 3 360 365 1 6 0 1 2 2 146 2 2 80 68 1 2 {, 162 168 1 1 3 57 67 7 5 245 2 {,{, 17 1 81 82 2 {, 57 61 1 3 1 11 1 13 0 1 1 5 5" 39 8 0 113 1 2 1 17 3 67 63 3 1 1 5 2 149 13 3 1 2 3 126 1 2 0 ~63 269 8 2 134 138 1 8 0 202 1 91 3 3 131, 136 
1 • 5 8 5 95 
1 ' 2 , 60 267 8 4 99 11 5 1 8 2 1 6 !I 
1 71 6 C 107 100 
14 0 !SO 5 1 1 2 4 
'13 2 1 2 9 1 17 2 1 5 7 ••H = 1 5 • • • • 6 2 62 bO 1 4 2 97 67 1 3 3 58 "4 9 3 168 14 7 2 1 209 2 00 7 1 244 201 14 4 79 61 13 5 55 37 9 5 120 1 Od 2 3 1 2 o 142 7 3 21 2 20 7 1 5 1 7i. 37 14 0 166 173 1 0 0 72 7 {, 2 5 99 91 8 0 5 9 57 1 5 3 7i. i.6 14 2 122 140 1 1 1 281 294 3 0 106 111 8 2 56 62 1 6 0 1 3 e 152 14 4 91 97 11 3 261 259 3 2 13e 1 2 5 9 1 125 1 2 1 1 6 2 He 1 5 3 1 5 1 82 49 1 1 5 1 7 3 186 3 4 106 1 0 5 9 3 107 109 
1 6 4 1 2 3 1 2 5 1 5 .. 59 28 1 3 1 364 361 4 1 24 5 256 11 1 14 3 16 0 17 1 129 12 0 1 6 6 d5 253 1 3 3 275 287 4 • 2 25 229 11 3 14 0 141 
17 3 93 89 1 6 2 '27 21!! 1 3 5 182 196 4 5 163 165 13 1 204 202 1 8 0 237 233 16 4 167 159 1 5 1 79 6d 5 0 2 31 21 5 1 3 3 1 61 164 
18 2 193 20 3 17 1 1 5 4 158 17 1 199 194 5 2 167 171 - 1 5 1 52 56 
1 8 4 1 5 i. 149 17 3 1 11 122 17 3 166 170 5 4 11 1 117 ••H = 1 9 • • • • 
20 0 70 57 1 8 0 139 158 1 8 0 83 8b 6 1 1 91 186 1 0 135 129 
20 2 67 58 1 8 2 150 15 3 1 8 2 93 e6 6 3 136 136 1 2 108 1 0 7 
~2 G 146 140 1 8 4 1 1 6 1 2 2 1 9 1 178 1 9 1 6 5 81 89 1 4 79 75 
22 2 1 3 3 133 21 1 52 77 1 9 3 136 154 7 0 71. 6& 2 1 70 7C 
••H: 9•••• 22 0 14 5 135 20 0 74 47 8 1 160 15 8 3 0 101 b3 
1 0 243 2 31 ••H = 11•••• 20 2 60 
- 3 o 8 3 11 1 11 5 5 0 150 164 1 ., 1 0C 1 05 1 0 ~79 266 2 1 1 51. 37 6 5 77 74 5 2 159 159 
1 i. 5" SC 1 2 167 16 i. ••H: 1 3 • • • • 9 0 88 9 , 5 4 11 6 1 27 2 1 I. 11 1. 0 6 1 4 105 97 1 0 98 97 9 2 11 5 9c; 6 1 11 7 1 0 7 
2 3 21.3 21.3 2 1 c.64 286 1 2 62 I. 8 9 4 87 64 6 3 92 99 
2 5 14 7 147 2 3 '5 7 2" 8 2 1 1 5 9 1 5 7 10 1 234 237 9 0 1 5 2 148 3 0 363 35C 2 5 168 177 2 3 92 98 10 3 21 6 2 C, 9 9 2 1 1 5 1 Z 8 
3 2 366 356 3 0 87 81 3 0 327 324 1 3 0 89 58 1 0 1 9C 90 
3 I. 2 6 C' 2 62 3 2 125 1 1 9 3 2 24 0 25 2 1 3 2 62 44 10 3 73 68 
• 6 171 169 
' 
4 10:.1- 100 3 4 167 1 74 1 3 4 52 2 El 11 0 69 71.. 
I. 1 251 256 3 6 67 67 3 6 11 0 10d 14 1 1 5 1 1 61. 11 2 80 7:, 
I. 3 229 229 I. 1 754 757 4 1 94 11 3 11.. 3 127 129 1 2 1 59 36 4 5 162 165 4 3 5 39 550 4 3 1 1 9 113 16 1 109 126 1 3 0 45 5 
C 0 1.3 5 1.3 8 I. 5 .: 6 5 362 4 5 71 86 1 6 3 11 7 11 2 15 0 141 128 .., 
5 2 297 302 5 0 '28 226 5 0 234 21. 4 18 1 54 I. 1 **H: 20 •••• 
5 I. 18i. 196 5 2 11.3 1 .. 9 5 2 ·2 5 2 2 5 1 1 9 G 5 1 6 1 1 1 8 5 192 5 6 11 0 11 8 5 4 1 0 2 93 5 4 210 199 ••H = 16•••• 1 3 1 6 7 169 
6 1 1 2 3 11 2 5 6 5 5 51. 6 1 5 1 3.;i 2 0 1..9 9 t. 8 1 2 0 11. 3 135 
6 3 6 0 53 6 1 133 126 6 5 52 1.3 2 2 1..1 6 I. 1 " C. 2 14 5 132 7 0 32 0 303 6 3 1 31 127 7 0 86 98 2 4 309 3 02 2 4 12 C 1 0 7 
7 2 206 205 6 5 98 95 7 2 1 1 5 1 1 5 3 1 91.. &I. 3 1 231 2 21.. 
7 I. 11. 0 1 29 7 0 C.9 1 301.. 7 4 82 98 3 3 76 bS 3 3 1 7 e 179 
7 6 89 77 7 2 ,0 5 225 8 1 90 82 .. 0 138 1 3" 4 0 8 2 83 
8 1 326 338 7 {, 136 149 8 3 59 47 I. 2 1 5 1 140 4 2 63 68 
8 3 216 236 7 6 76 90 9 0 379 376 4 4 113 11 6 6 0 1H 174 
8 5 11. 6 1 5 1 8 1 2 0 6 196 9 2 313 31 8 5 1 139 13 0 6 2 1 31.. 1 5 1 9 0 31 C 3 10 8 3 1e8 163 9 I. 230 229 5 3 99 92 7 1 1 2 1 102 9 2 3U 310 t 5 141 134 1 0 1 76 59 5 5 65 5 c; 7 3 1 0 9 93 
9 {, 21.. 2 239 9 0 190 201 11 0 92 101 6 0 311 314 8 0 103 100 
9 6 1 5 8 156 9 l ~10 211 11 l 11 4 109 6 2 303 302 8 2 1n 98 1 0 1 237 230 9 4 161. 170 11 4 83 92 0 I. 2 31. 23e 9 1 60 92 
1(1 3 21 C 2 11 1 0 1 417 I. 2 7 1 3 0 86 87 7 1 136 133 9 3 65 70 
1 0 5 159 153 1 0 3 ; 1 9 326 13 2 102 93 7 3 1 2 3 1 21.. 11 1 101 102 
1 1 0 66 8 1 10 5 ~ 13 218 13 4. 71 79 7 5 80 92 1 2 0 156 1 5 1 
1 2 1 1 2 1 14 5 1 1 0 2 61 229 1 5 0 261 258 b 0 391 382 1 2 2 13 0 133 
1 2 3 129 137 1 1 2 191 182 1 5 2 222 226 8 2 32 0 333 1 3 1 66 7 0 
1 2 5 83 1 02 1 1 4 1 I.. 2 126 1 5 4 165 1 66 E, 4 236 2 45 14 0 61. 62 
1 3 0 222 187 1 2 1 51.. 19 1 6 1 169 159 1 1 1 1 5 3 174 ••H = 21•••• 
1 ? 2 16C 14 5 1 3 0 17 2 19 5 1 6 3 1 31.. 124 1 1 3 i 19 135 • 0 75 5 !! 
13 I. 1 1 2 99 13 2 132 159 1 9 0 66 36 1 2 0 1 9 2 1b4 3 2 57 46 1 4 1 309 3 2 1 1 3 I. 96 1 1 1 1 9 2 64 38 1 2 2 190 177 4 1 200 191 
1i. 3 2 2 7 250 14 1 14 7 14 3 20 , 64 67 1 2 4 146 14 2 4 3 18 0 167 
1 I.. 5 168 168 1 4 3 14 5 132 **H = 1 4 * * •• , 3 1 134 117 6 1 225 22 9 
1 5 0 1 2 5 153 1 4 5 97 97 , 1 286 29!S , 3 3 11 6 1 06 6 3 186 186 
1 5 2 11. 1 1 51. 1 5 0 216 2 1 2 1 3 260 264 1 4 0 184 198 7 2 45 2S 
1 5 4 11 8 1 2 6 1 5 2 ~07 205 1 5 183 19U 14 2 1 5 3 174 9 0 69 61 
1 6 1 113 1 1 1 1 5 4 168 163 2 0 120 127 1 5 1 64 42 9 2 59 5 1 
1 6 3 1 1 3 104 1 6 1 73 97 2 2 137 1 4 5 1 6 0 109 91 1 0 1 183 189 
1 8 1 161 163 16 3 57 70 2 4 1 21 1 2 1 1 6 2 96 79 1 1 0 74 80 
18 3 14 7 14 5 1 7 0 81 so 3 1 292 286 1 7 1 139 1 5 3 11 2 66 77 
1 9 0 84 61 1 8 1 84 1..9 3 3 227 21 0 1o 0 100 99 1 2 1 101 1 1 1 
1 9 2 62 48 1 9 0 127 128 3 5 138 138 ••H = 17•••• 1 3 0 I.I. 1 1 
20 1 245 247 1 9 2 96 1 11 4 0 1 72 171 1 2 59 58 ••H: 22•••• 
20 3 198 20 1 20 1 102 89 4 2 1 1 1 1 2 3 2 5 43 32 1 3 5 0 26 
••H = 1 0 •••• 21 0 1 2 5 123 4 4 75 79 3 4 54 46 ~ 0 21 5 208 1 1 309 300 21 2 133 11 6 5 1 206 2 1 2 4 1 275 2!S 7 2 1 7 2 1 85 
1 3 180 186 • • H = 12•••• 5 3 148 1 5 1 4 3 197 224 4 0 11 0 1 1 2 
1 5 11 9 1 1 3 1 1 i. 4 3 439 5 5 104 97 4 5 1 4 2 1 5 1 4 2 1 1 3 107 
2 0 627 616 1 3 304 310 6 0 250 247 5 0 2 66 2 57 6 C 91, 11 6 
2 2 I.. 5 5 451 1 5 c. 09 200 6 2 178 197 5 2 213 218 6 2 99 1 1 1 
2 I. 3 05 299 2 0 158 14 7 6 4 128 136 5 4 160 1H 7 1 1 0 6 102 
2 6 1 91. 1 8 1.. 2 2 183 176 7 , 188 179 6 1 97 85 8 0 180 171 
3 1 1 0 7 11 1 2 4 141 1 4 5 7 3 168 166 6 3 85 83 8 2 1 I. I. 1 5 3 
3 • 97 1 1 2 2 6 94 96 7 5 1 21 122 9 0 1 41. 14 7 9 1 93 77 
3 5 8 5 8 1.. 3 1 168 157 8 0 1 04 8!S 9 2 146 144 ••H: 23•••• 
I. 0 69 67 3 3 159 1 5 1 8 2 107 1 0 1 9 4 108 117 1 0 11 2 117 
6 0 48 0 477 3 5 1 0 6 11 2 8 4 97 E, 7 10 1 14 7 152 1 2 114 1 1 2 6 2 1..6 7 t. 5 9 I. 0 11.. 4 140 9 1 105 11 7 10 3 101 11 7 2 1 SP 32 
6 4 31..1 3 41. 4 2 64 78 9 5 I.. 8 50 1 , 0 274 272 5 0 176 170 
6 6 227 2 2 1 {, I. 5 5 42 1 1 1 232 2 2 7 1 1 2 234 240 5 2 1 4 7 152 
8 0 1. 00 I.. 0 6 5 1 1 3 1 143 1 1 3 178 175 1 1 4 179 1 7 7 7 0 7-:. 4 8 
8 2 327 _ 1 6 5 3 132 141 11 5 132 117 1 5 0 170 17 5 9 0 61 66 
e I. 229 2 1 8 5 5 102 106 1 2 0 263 259 1 5 2 1 5 3 165 ••H: 2i.•••• 
8 6 14 6 13 5 6 0 ' {, 2 238 1 2 2 200 223 1 7 0 15 0 141 1 8 1.. 92 9 1 97 75 6 2 17 2 17 5 1 2 4 159 162 •• H = 1 8 •••• 3 1 59 72 1 G D 2 2 1 209 6 I. 11 8 117 , 3 1 1 1 9 135 
APPENDIX F. 
X-ray powder diffraction data for zirconolite 
TABLE F.1.: X-RAY POWDER DIFFRACTION DATA FOR 83800 ZIRCONOLITE 
0 0 
h k 1 dcalc(A) db (A) 0 S 
0 0 2-k 5.6210 5.6214 
3 1 l ·k 3.2656 3.2577 
1 1 3·k 3.0909 3.0892 
2 2 1 2.9441 ! 4 0 -2 2.9442 2.9431 
0 0 4 2.8105 2.8107 
2 2 -3 2.5193 ! 4 0 2 2.5191 2.5192 
2 2 3 2.2989 ! 4 0 -4 2.2990 2.2989 
2 2 -5 1.9118 ! 0 2 5 1.9111 1.9121 
0 4 0 1.8140 ! 6 2 -1 1.8140 1.8138 
2 2 5 1.7504 ! 4 0 -6 1.7505 1.7503 
6 2 1 1.7263 
6 2 -3 1. 7264 1.7264 
0 4 2 1.7264 
4 4 -2 1. 5444 ! 1.5441 
8 0 0 1.5444 
* Not used in the refinement 
I/Io visually estimated 
I/Io h 
10 6 
20 0 
20 6 
2 
100 4 
30 4 
8 
35 8 
4 
15 0 
8 
10 4 
10 
60 2 
8 
40 8 
4 
10 10 
2 
30 8 
0 0 
k 1 dcalc(A) db (A) 0 S 
2 3 1.5240 
4 4 1.5241 l 1 .. 5239 
2 -5 1.5242 
2 -7 1.4858 } 0 6 1.4858 1.4855 
4 2 1 .. 4721 } 0 -4 1 .. 4721 1 .. 4719 
0 2 1.4240 } 4 -4 1.4241 1.4241 
0 8 1.4053 1.4052 
. 
0 4 1.2596 } 4 -6 1, .. 259 7 1 .. 2594 
2 -3 1.1759 
6 1 1.1759 J 1.1759 
4 0 1.1759 
0 0 1 .. 1495 -o } 1.1497 4 6 1.1494 
2 1 1.1430 
6 -3 1.1431 J 1.1432 
4 -4 1.1431 
I/Io 
35 
20 
25 
5 
7 
20 
20 
10 
10 
TABLE F.2.:X-RAY POWDER DIFFRACTION DATA FOR Ca(Zr.83u.17 1 (Til.95zr.05)07 
h k 1 dcalc(l) db cl) I/I h k 1 dcalc(lX.) db (lX.) I/I 0 S 0 0 S 0 
1 1 o-;', 6.2619 6.2650 10 0 4 0 1.8206 1.8203 25 
1 1 1 ,,_ - " 5.7000 5.7133 3 6 2 -1 1.8057 1.8053 so 
1 1 1 ,,. " 5.2639 5.2739 5 6 2 -2 1.7830 1.7839 3b 
1 1 2''· " 3.9987 4.0021 10 3 1 -6 1.7777 1.7774 10 
1 1 3 ,,. 
- " 3.3535 3.3555 10 2 2 5 1.7491 1.7493 45 
3 1 2''-- " 3.2535 3.2541 15 4 0 -6 1.7457 1.7458 25 
2 2 1 2.9456 2.9455 100 0 4 2 1.7318 1.7316 3b 
4 0 -2 2.9257 2.9260 70 6 2 -3 1.7193 1.7188 5 
0 0 4 2.8071 2.8083 so 2 0 6 1. 7050 1.7046 5 
2 2 -3 2.5200 2.5197 30 4 4 -2 1.5457 1.5452 30 
4 0 2 2.5054 2.5052 15 8 0 0 1.5332 1.5330 20 
3 1 -4 2.3993 2.3983 5 0 4 4 ,l. 52 7 5 1.5270 15 
1 3 -1 2.3464 2.3470 5 6 2 -5 1.5191 1.5184 35 
2 2 3 2.2982 2.2976 15 2 2 -7 1.4850 1.4849 15 
4 0 -4 2.2896 2.2890 5 4 0 6 1.4815 1.4815 10 
4 2 1 2.2343 2.2334 7 4 4 2 1.4728 1.4726 10 
1 3 2 2.1648 2.1644 3b 8 0 -4 1.4628 1.4628 10 
5 1 -3 2.1488 2.1490 3 7 3 -4 1.3509 1.3516 3 
1 1 5 2.0538 2.0539 3 3 5 -4 1.2636 · 1.2641 3 
3 3 1 2.0186 2.0180 5 4 4 -6 1.2600 1.2603 15 
0 2 5 1.9114 1.9112 7 8 0 4 1.2527 1.2530 7 
3 3 2 1.8994 1.8991 5 8 4 0 1.1728 1.1727 7 
4 2 3 1.8731 1.8726 Sb 10 2 -3 1.1690 1.1689 10 
*· not used in the refinement I/I0 : visually estimated b: broad 
APPENDIX G. 
Observed and calculated · structure factors for 
Kaiserstuhl zirconolite 
< L F O 3 S F CAL i( L F 09 S FC,L i( L FOBS F CAL i( L FOBS FCAL i( L F 03 S F C ~ L 
** H = 
~· **. ~ -13 p3 148 4 -6 49~ 51 3 ~ -9 912 8 85 s g 2~B ~9 7 0 4 6S3 6780 1 4 S9 30 7 4 8 53 567 1 0 742 767 8 2 5 7 
0 6 1607 1 649 3 -14 683 631 4 -8 1237 1 214 5 -10 336 330 s -2 2236 2407 
0 S 3'.)5) 2981 3 1 5 374 298 4 9 1 7 9 21 3 5 1 1 338 247 s 4 360 360 
0 1 0 481 483 5 0 499 4 78 4 1 D 1 01 4 9 77 5 -11 479 5 2 5 3 -4 31 9 
1H~ 0 12 1696 1 6 5 2 5 1 930 893 4 -10 388 433 5 12 469 419 s 6 1 5 4 8 
0 1 4 5 93 643 5 -1 197 1 7 8 4 1 2 414 453 5 -13 696 608 8 -6 1 86 5 1 90 9 
0 16 51 3 596 5 3 534 51 4 4 -1 2 71 0 662 7 0 364 331 8 -1 0 93 4 1 J 11 
2 0 2 S 9 31 8 5 -3 11.25 1393 4 1 4 397 380 7 1 74 7 71 7 * *H = 5•••• 
2 1 907 94 2 5 4 218 11 8 6 1 34 46 353~ 7 2 544 542 1 0 33 2 3'.) 3 2 2 337 357 5 5 413 450 6 -1 610 64 7 -2 5 36 572 1 1 264 .33 5 
2 3 138 98 5 -5 514 54 6 6 2 208 2H 7 4 5 81 535 1 2 423 441 
2 4 302 316 5 6 20~ 2 94 6 3 840 7 93 7 5 6 51 618 1 -2 768 774 2 5 1496 1 52 8 5 -6 6S 690 6 -3 2926 3002 7 -5 507 4 51 1 3 620 656 
2 6 136 1 51 5 7 7 31 703 6 5 2765 2779 7 -6 631 668 1 -3 700 71 5 
2 7 1 03 7 1016 5 -7 91 9 88 7 6 -5 268 311 7 -7 51 4 570 1 4 492 5 31 
~ 9 1 ~99 1 p1 5 -~ 3 71 345 6 -7 H~~ pi 1 7 8 721 66~ . 1 -4 15~ 208 1 0 4 Q 72 5 86 7 869 6 9 431 7 9 262 25 1 5 48 506 
2 1 1 61? 61 5 5 9 716 6 77 6 1 1 484 4 75 7 -9 313 323 1 -5 1032 1068 
2 13 !, '.) 2 4 .31 5 -9 328 277 6 -11 11 36 1198 7 1 0 420 361 1 6 783 826 
2 1 5 21 7 276 5 
-H 6 96 643 6 -13 51 5 459 7 -1, 4P 516 1 -~ 5 93 644 4 0 6 91 7 6862 5 613 585 8 J 222 287 7 -1 5 3 5 39 1 554 5 95 
4 1 283 .31 5 5 - 11 5 99 624 8 2 905 906 9 0 1 9 5 1 36 1 -8 !+ 1 6 479 
4 2 6 30 606 5 1 2 23 1 <'24 8 -2 454 470 9 1 449 476 1 9 68 9 70 3 
4 3 237 229 5 -12 7S6 753 8 -4 1149 1148 9 -1 21 9 11 7 1 -9 578 584 
4 4 4583 4 41 7. 5 1 3 5 33 4fi6 g 6 620 627 9 -2 366 3 91 1 1 0 377 41 2 
4 5 261 2 99 5 -14 .300 297 g -6 191 1 68 9 4 442 372 1 -10 793 81 8 
4 6 5 6 8 548 7 0 305 324 8 8 263 244 9 5 46 7 5 07 1 11 733 724 
4 7 24 8 23 9 7 -2 3 44 31 7 8 -8 9 73 963 9 -5 33 9 325 1 -11 362 2 62 
4 8 2348 23 3 0 7 3 226 139 1 0 1 161 2 1665 9 -6 339 4 22 1 1 2 298 1 79 
4 9 21 5 227 7 -3 4 77 409 1 0 -1 432 51 0 9 -7 259 183 1 -1 2 750 694 4 1 9 3!, 9 367 7 4 8 94 865 10 -3 1505 1563 **H = 4**** 1 1 3 674 59 3 4 1 1 2 68 123 7 7 5 336 353 **H = 3**** 0 ? 41 5 7 41 9S 1 -1 3 404 3 82 4 14 520 5 '.) 8 7 -6 5 95 53 9 1 0 11 4 1 8 0 -2 6908 7018 1 -1 4 8 41 772 
6 1 388 325 7 7 434 376 1 1 895 943 0 4 422 458 1 -1 5 363 234 
6 3 1 4 5 1 5 5 7 -7 659 661 1 2 152 125 0 -4 1 1 3'+ 1 25 3 1 -16 4 90 378 6 5 1 02 2 9~9 7 8 5 07 620 1 -2 642 7 08 0 6 4054 4 049 3 1 173 21 4 6 7 42 6 4 0 7 9 5 63 5 90 1 3 1 5 5 11 0 0 -6 5814 601 8 3 -1 262 229 
6 9 1 230 1187 7 1 0 31 2 2 91 1 4 . 416 483 0 8 159 33 3 2 1 2 2 2 11 87 
6 H 1 04 166 7 -H 64 2 64 2 1 -4 352 329 0 -8 832 81 0 3 -2 550 51 3 6 1 88 237 7 6 37 525 1 5 946 97 0 1 0 2006 2009 3 3 3'.)2 31 3 6 1 3 602 550 7 -1 1 2 5 7 299 1 -5 667 78 2 J -1 0 23 ~o 2417 3 -3 2 78 1 1 7 8 0 2597 2647 9 0 293 288 1 6 1043 1 067 0 1 2 1 0 2 987 3 -4 81 0 3 34 8 2 565 540 9 1 265 330 1 -6 9 24 950 a -12 1 21 0 11 14 3 5 368 394 8 4 2126 2166 9 -3 56 3 649 1 7 2 24 279 8 1 4 722 793 3 -5 650 6 73 8 8 1298 1 33 5 9 4 234 2 73 1 -7 895 94 7 -1 4 1138 1094 3 6 6 30 668 
1 0 0 1 92 71 9 -6 454 43 9 1 :! 745 751 0 -16 644 640 3 -6 3 85 43n 
* *H = 1 * *. * 9 7 409 369 1 -8 299 36 7 2 1 91 5 913 3 7 835 862 1 0 
~57 377 9 -7 377 489 1 9 484 5 04 2 2 1 3 7 148 3 -7 21 ~ 254 1 1 s 1 375 **H = 2**** 1 -; 782 816 2 3 1261 1 306 3 -8 74 748 
1 -1 2 71 228 0 0 31 1 3 63 1 1 0 1 039 1 072 2 -3 806 8 39 3 9 61 4 598 1 2 695 709 0 2 1 162 1 261 1 -10 36 7 3 92 2 4 1 77 1 73 3 -9 4 71 4 93 1 
-~ 
31 4 ~ 41 0 -4 81g 8 60 1 1 1 221 1F 2 -4 1 6 ~ 231 3 1 0 4 41 4S9 1 1213 1 4U 0 6 149 1556 1 -11 946 9 4 2 5 66 6 71 3 -10 656 655 1 4 21 0 233 0 -6 1 1 81 11 88 1 1 2 5 51 514 2 -5 732 782 3 1 1 885 868 1 -4 284 2 74 0 :! !!45 !!4 7 1 -12 225 70 2 -6 206 187 3 1 2 24 7 1 74 1 5 113 5 1 1 5 4 8 ·· l 988 98~ 1 -13 ~61 5 61 2 7 1910 991 ~ -12 68 2 621 1 -5 188 290 1 0 1158 1 1 1 1 14 20 71 5 2 -7 1 8 5 1344 1 3 4 77 41 1 6 5 90 5 94 0 -10 852 855 1 1 5 370 2 38 2 8 219 212 3 -13 225 255 1 -6 677 753 0 1 2 618 613 1 -15 759 6 61 2 9 358 386 3 -1 4 56~ 621 1 7 641 63 9 8 -1 2 738 f2 1 -16 233 162 ~ -9 497 5 33 ~ -1 ~ pa 1 -7 979 973 1 4 269 54 3 J 773 845 11 892 8 1 1 Es 63 1 8 253 2 69 0 -1 4 3 99 41 0 3 1 1336 1335 2 -11 1 01 6 984 5 -1 2 71 187 1 -R 11 2 9 1 1 5 3 0 -16 23 7 216 3 -1 145 67 2 1 3 339 363 5 2 294 248 1 9 11 2 4 111 3 2 0 273 28 9 3 2 1020 985 2 -13 2 35 31 2 5 
-~ 
41 4 487 1 -10 71 5 71 4 2 1 74 3 3 71 61 3 -2 656 647 2 -1 5 439 4 34 5 186 26 7 1 1 1 595 562 2 -1 1 2 0 32 3 3 387 383 4 0 270 225 5 -3 422 451 1 -1 1 609 596 2 2 220 2 61 3 -3 637 672 4 1 273 2 85 5 4 465 50 8 1 -1 2 1048 1 02 7 2 -2 28 6 296 3 4 S52 8 95 4 -1 211 2 C4 5 5 6~ S 566 1 1 3 86 0 793 2 3 1263 1260 3 5 965 93 7 4 2 3858 3730 5 -5 9 9 982 
1 -1 3 232 1 4 8 2 -3 4266 421 9 3 -5 5 2S 5 70 4 -2 4869 4!! 52 5 6 75 8 754 1 -1 4 437 3 91 2 -4 2 79 290 3 -6 9 7 2 943 4 -3 237 243 5 -6 24 4 296 1 1 5 !, 4 4 367 2 5 6273 6066 3 -7 1 261 1279 4 4 40 3 4 06 5 7 
~n 21 1 1 -16 670 659 2 -5 46 0 447 3 s 1 034 1 05 9 4 -4 676 713 5 -8 343 
3 0 13 5 62 2 -6 1 99 211 3 -3 4 78 44 9 4 6 29 5 5 29 34 5 9 742 698 
3 1 !!26 83~ 2 7 86 7 899 3 9 230 2 39 4 -6 39 56 401 1 5 -9 62 7 6 42 3 -1 390 40 2 -7 4~93 3 992 3 -0 273 334 4 7 21 8 256 5 1 0 2 60 305 3 2 564 543 2 -8 47 244 3 1 D 785 743 4 -7 189 21 2 5 -10 61 0 624 
3 -2 32~ 341 2 9 24 5 9 2433 3 -1 ~ 522 558 4 -8 320 267 5 1 1 334 331 3 -3 25 2 3 3 2 1 1 1 1 93 11 4 7 3 -1 943 950 4 1 0 1 330 1 41 1 5 -11 505 3 80 3 4 1250 1245 2 -11 H~Z 1 rs 6 3 1 ~ 752 674 4 -,~ 1rn~ 1 ~~t 5 
-H 376 23 ~ 3 -4 459 so 3 2 13 1 5 3 3 -1 254 1 91 4 5 689 63 3 5 836 843 2 -13 1 008 924 3 -13 353 3 94 4 1 2 630 620 5 -13 430 388 3 -5 640 643 2 -14 1 82 60 3 1 4 548 536 4 -1 2 707 685 5 -1 4 6 49 6s8 ~ -~ ~$b 673 2 1 5 6 7l ~~~ ? -1? i~~ 714 4 -14 76 0 784 7 -1 ~4 9 440 2 -, 5 69 5 94 6 1 350 299 7 99 }a~ 
3 -7 !!24 802 4 0 42 0 381 5 -1 293 31 7 6 -, 37 4 343 7 -2 35 3 366 3 8 752 742 4 1 240 247 5 -2 701 696 6 3 1409 1379 7 -4 447 443 3 -8 572 5 68 4 -1 253 22 5 5 -3 547 542 6 
-3 1 g13 1 ~04 7 5 4S 9 439 3 9 977 988 4 2 1295 1259 5 4 543 5 03 6 4 21 73 7 -5 44 9 4 34 
3 1 0 438 395 4 -2 523 522 5 5 81 2 775 6 5 2S 5 268 7 6 4 77 508 3 -10 S31 853 4 3 405 41 8 5 -5 7 00 710 6 7 1 09S 1062 7 7 4 74 473 3 1 1 622 594 4 -3 21 5 2g6 5 6 8 36 823 6 -7 80 2 8 38 7 -8 5 2 9 5 34 3 -1 1 132 3 71 4 -4 1502 1 4 4 5 -6 632 66 8 6 -9 31 0 31 2 7 9 61 7 5 5 3 
3 1 2 45 2 425 4 5 2 28 232 5 -7 185 224 6 1 1 646 6 01 7 -9 432 440 
3 -1 2 61 4 635 4 -5 292 31 2 5 8 592 532 6 -11 72 4 752 7 1 0 362 3 72 3 1 3 928 839 4 6 1127 1 062 5 9 66'3 680 6 -1 3 254 249 7 -1 0 4 09 3 91 
L FOB S f(AL K L F UbS F CAL K L FOBS F CAL K L FOBS F CAL I( L f OE, S F (AL 
I. 
-4 711'< 71 I. t l 772 7:1 9 2 2 6 1. 273 3 6 t.76 682 8 0 1 86 1. 1909 I. 6 7 6" 792 t - 3 4 06 4C6 0 5 2Et , ' - 3 ·6 .. s , 44 0 8 2 530 500 4 - 8 10 26 , 002 6 5 231 227 < C '-9 - 5 516 S7~ 
' 7 3 St. 378 8 -2 5 E; 5 583 4 , 0 63C 62 0 6 - 7 6H' c5 s Q 
-6 20F 13G 3 -7 _,72 69 ? 8 4 1 29 3 136 S I. -12 701 7(~ • • H = , ~ .... • • H = l •••• 3 6 676 6oc- 8 -1. 176 7 1E 2 5 6 , 2255 n, s , , I. 2 l. l., 7 (' (' 66~ c- 5 2 3 - 8 766 807 8 - B 1297 1317 6 -1 28P 357 , _, 3 2 3 ~50 r 35c '7 5 .. 9 i O 2 1 5 2 ••H = 9•••• 6 3 2 8 9 3 6 , 2 l., 9 I. C 5 ( 
-2 ieu H 36 3 -9 792 701 1 0 8 11 8 2 6 6 -3 2 1. 0 7 2 '7 C' , - ;, , .. ~ ? 27 3 ( - -0 l. 12 79 it. 3 6 l 1 0 )23 497 , 1 433 I. 6 2 6 5 , 5 1. r , 5 5 , 295 ? l.1 a -l. 39r 395 3 -11 75 7 700 1 -1 20 3 22 0 6 -5 2 4 4 .. 1 1 5 52f 537 r t 1 :' 7 Z 1 ~ 2 5 3 -1 2 592 571 1 3 449 I. 7 1 6 -7 1883 1 86C , 
- 5 69~ us C - c:- 1 5 71. H 5:1 3 -1 3 771 7 1 2 1 -3 479 47 0 6 _,, 97F 098 1 6 I. 2 1 t.: e (' p 757 770 3 -14 d5 172 1 4 658 673 B 2 6E2 6 1. t , 7 374 ? 37 (' , 6 soc: C • ? 3 -1 5 '- 7 2 322 1 5 31 6 3 0 1 8 -4 559 531 , e 205 • H . ' -
" - 1( , 1 H , , ~ 1 5 , L 4 4 < 0 l. , -6 58 6 596 8 -s 192 35 1 - E. 357 377 \. 
" 
, 2 2H ?22 5 -1 .) , 7 29 7 , 7 8 , , es, •• H = , , .... , - 0 47( l. 91. 0 -12 i. c , 446 5 2 5 7 4 5 4 () 1 -7 74 0 742 1 ~ 39c 401 , -1 0 SQC t. 2 3 C -14 557 ~62 5 3 99 3 9G 1 , 8 417 423 1 7 1 2 693 1 -, 2 6 2 c, 526 C -16 267 72 , 5 -3 l St. ' 8, 1 - 8 74 2 764 , 
- 2 257 2 4 9 3 1 6E: l 0 9 2 C 1 6 ~ 1 5 5 5 I. :S 4 E 4, 2 , 9 630 620 , 4 ?74 ., 1 C .. _, 2 2 c- -: 4 0 ? , 57( 563 5 -I. c3 1 620 1 -9 190 179 1 -4 191. 1 2 L 3 2 629 ,.. 3 0 
' 
-1 c86, t> 7 6 3 5 6 593 562 1 1 0 193 , 0 , 1 5 I. QI. 46 C 3 - 2 2 2 r. 192 
-
' 
l.? 2? 4 l l., 5 7 c. 9 2 70 1 1 -,c 521 569 1 -5 5 5 7 5 6 1 3 3 21 5 2n L 2 - 3 601 595 5 -i' 3c 7 399 , 1 1 S 4 1 567 1 6 41 IJ I. QC l 
-4 2,0 :75 2 5 480 S4r 5 8 ; 1 3 51 5 , - , 1 48 7 ; 41 1 -6 88 ~ Si.~ 3 s 557 s 1.e 2 - 5 t. 2 1. l L?6E s - 8 5 1 7 528 1 -12 Sd7 60 4 1 -7 24 9 256 3 -5 672 l H' 
L 6 ,n 145 5 9 l C'? 296 1 -13 25 5 173 , 8 545 ~43 3 6 464 l. E? 2 7 ?233 2? CE 5 -9 1. 91 I. 72 , -14 l., 9 433 , - 9 5 4 1 C. C , 7 27? 271 
. ' . 3 2 -7 49(' SG2 s , 0 5 1 2 t. 7 9 3 0 374 368 1 10 sso 529 -e 2 H' 260 2 0 35~ 355 5 - , 1 590 596 3 -2 1 8 4 1 S 1 1 -,0 590 591 l - 9 341 396 
-9 :- , 7l :,sc 5 -13 )~ 5 s. - l 3 43 8 416 , -,1 41 5 413 3 -1 0 5 3 (1 1. 22 ~ ~ ( 
' 
, 1 1 2 1 2 1 245 7 CJ 1. 6 9 529 3 -3 40 5 374 1 -1 2 289 Ht. 5 - 2 22( :- 7C 2 -11 33c 36 4 7 _, '- 30 4 2 5 3 4 526 527 , -13 596 c; 1 2 5 3 233 , () 6 2 13 526 529 7 2 ,. "8 236 3 5 563 567 3 J 286 305 5 5 351 31.6 2 - , 3 11 9? 1 195 7 3 :6 4 2 7 :- 3 -6 ~ 5, 4 74 3 , l. 8 1. I. 76 5 -5 483 5 3 S 2 -14 17 5 a, 7 4 '- 4 7 156 3 7 80 1 799 3 -c. 2 7 1 ? 57 5 - 8 3 5 C' ' 4 C 
. ' . 2 -15 44 5 t. 76 7 -4 752 795 3 -7 529 580 3 4 4, (; 43 9 5 - 9 40 5 i. ze l. CJ 5 t. 9 s, o 7 6 .. 9, 43 0 3 8 5 7 4 619 3 -4 227 20[ • * H = , I. •••• I. - :> 930 947 7 
-6 • 2 2 , () 5 3 - 8 560 5 3 7 3 s 557 601 " 0 707 722 z ~ I. , 221' 1221 7 7 !,2 2 346 3 9 590 564 3 -5 247 ?6 1 n < 21. ~ :: 2 , 4 -4 21.E 2 41? 7 -7 i. 97 l. I. 2 3 , 0 276 2C8 3 6 1 91. HO 6 - 2 538 50 1 I. 
- 5 1E 2 1 c 7 7 8 "39 3,,11 3 -1 J 738 727 3 -6 724 731 C 4 es1. E73 4 6 7 3 I. 7~2 7 - 8 5 1 9 5 t. 7 .. 11 552 5 0 3 3 -7 200 226 G -l. 480 436 I. 
- 6 1 1 4 1 11B 5 7 -9 ; 26 5 1 3 3 - , 1 5 1 S 536 3 8 5 l. 7 C' 9 [ , 6 271 ?t'1 4 E 1029 997 7 -, , ) 51 469 3 -12 4 7 5 503 3 -9 313 36, 0 - 6 5 5 1 595 {. 1 0 273 ?29 9 2 .:, 3 9 251 3 -13 21.S 154 3 -1 0 t. 0: l. 8 t 0 - ,0 7 3 l. ?Q t. {. 
- ,C' 1 Cc; f: H75 9 ., ?9 9 46 8 3 -14 558 1. 5 e 3 -, , t. S 3 1.1 7 r 
-1 2 3H 256 .., {. , 2 457 I. 2 3 9 
-3 '- 4 5 199 5 0 696 7, , 3 -1 2 269 :Gt 2 1 2 E 1 2 -,t, l. - , 2 270 30 1 9 -l. .) 5 8 384 s , 503 502 3 -13 SES 5 1 1 2 - 1 2 32 9 22 16 {. 
-1 l. 5 t. [ 56G ••H = 8•••• 5 _, 299 299 5 0 307 325 2 3 1E H ' H3S t 1 471 t. 7 S 0 0 I. 7 64 476 5 5 3 t. 5 3 414 5 1 60 :t 6U9 2 - 3 2 1 S :" 1 3 t -1 3 161 3263 0 2 590 652 5 -3 444 I. 96 5 -3 222 244 ? 
- 5 :2 3 l 2(90 l 3 2576 26 4 ~ 0 -2 179 22 4 5 4 60 1 599 s 4 27 0 2 c;, 0 2 - 7 36 2 31 4 6 -3 76 0 757 0 4 3 774 3997 5 -6 l.77 432 s -4 239 HO 2 - C, 1544 1t.69 6 - 5 : l., {. '5::. , 0 -4 3:: 81. 36 2( 5 7 669 61 1 s 5 2 3 '3 2c;,o 4 0 601 578 6 7 165 S 1715 6 3 1 S 3ze 5 -7 629 625 s -5 592 5;7 4 
- 2 24 t 295 t - 7 24: 17 0 0 -t !, 9 8 3U 5 8 269 290 5 6 l. 2, 3 e , l. I. 751 722 6 9 297 2 C "f 0 8 1 c37 1791 5 -8 569 568 5 -6 6 4 7 f:C<C I. -4 213 2 1. 6 ., -C - 9 : 27 11. 5 1 C - 8 2 c, 91 2E 2: s 9 I. 5 0 41 6 5 -7 237 1b 7 l. - 6 461. 5 2 C' (' C 365 3 3 t. 0 1 C c.92 68 1 5 -9 212 192 s 8 461. 496 6 -1 1714 , : s a 8 2 179 132 0 1 2 771. e o 6 5 -,o 3 3 l. 3 '- e 5 - 9 53 3 I. C,l 6 _.,, 372 4 C6 e - 2 322 ; 5 5 0 -1 2 1~ 54 141 0 s -1, 373 4 33 5 -1 0 491 491 t - 5 1664 15 C8 ~ l. 7(. {. 7Jl 0 - 1 l. :: ; l. 5 5 2 5 -1 , 483 4 72 5 - , 1 359 ,37 ••H = , ~ ...... C -4 2 H 1 7 1 2 1 11 C 2 1 (19 l. 7 0 274 298 7 , 227 ?77 , 0 25 ? , 9 .. E 6 262 2 et. 2 -, c.70 6 71 7 3 36e 36 8 7 - 2 26? 2 S 2 1 _, 23t> 2 E. 6 E - 6 61C l 9 1. 2 2 1 71 178 7 -3 322 3 16 7 3 24 7 1 9 E 1 2 309 ~32 
• • H = 7 * ••• '- .. I. 11. 4 77 7 l. 330 3 7:.. 7 4 2 4 S ?6; , 3 255 "t. 3 2 , (' (. oc 392 2 -3 c. 2 5 64 3 7 5 3 70 3 8 1 7 - 6 s I. 7 ', . 1 -l. 2 E, I. .. l' . - ( 
307 1 
_, 31d 359 2 5 1200 132 7 7 -6 316 313 ••H = 1 2•••• , -7 34 2 , 2 679 71 3 2 -5 756 763 7 -7 29 6 3 8 9 0 0 746 76 S , - 6 i., c I. OE 1 3 E 1 : i: 4 8 2 7 <. 5 9 l. 71 7 - 8 3 4 8 292 0 2 2333 2 l.Z 1 1 -0 l.l. f: 352 , 
-3 259 3C8 2 -7 l. 5, 4 31 • • H = 10•••• 0 - 2 3 ;:>QO 314, ~ 
_, 
t. Oe : 7 B 1 4 61? t i.I. 2 9 1 (; 32 10 37 0 0 48 6 494 0 -4 4 4 "!. 4 5 t. 3 3 Qt. :-6 5 1 -l. c; l. 2 925 2 -9 ., 7, 10 1 3 0 2 969 993 0 6 12311 1356 3 I. 235 1 l. 3 , 6 655 7l. E C 1 1 jc,2 3 8 1 0 - 2 3 7 l. "! 6:. 0 - 6 247 7 2 H 6 .. -l. 33E 392 1 7 592 6H 2 - 1 , 5 t 2 5 5 3 0 4 198 199 (J 8 21.P ?O 6 ~ - 7 41 ? ? oc; 1 - 7 5 Qt. 5 41. 2 -1 3 C 1 1 65E 0 -t. 63 4 601 0 -, o 1587 1 SH 3 - E 46 7 t. S 6 , 8 70 23 4 0 3525 3465 0 6 807 867 0 -1 Z 24 4 223 3 - 0 382 296 1 - 8 617 f:l. 0 l. 2 6!:3 72? 0 - 6 41 9 4 25 2 -1 608 576 •• H = 1 t •••• , 9 H, 7 53 4 
-2 Sc;, E 589 G - 8 1231 1222 2 3 091 OU 0 0 16 59 Ht.6 , 
- 9 781 777 4 4 2 71 t. 2757 0 ,0 83 3 ~06 2 -3 950 1392 8 - 2 5 5 c;, 5 1 6 1 1 0 461. 47 6 I. -l. 2 :; 8 1. 2962 0 -1 0 1 9 1 2 2 1. 2 s 506 516 4 1169 1 , 31 1 1 , 2C: c 5 2 I. 
-6 ~ 91 27( 0 - 1 2 846 81. 6 2 -s 24 2 231 0 -l. 1957 , p - ' 
• C -, 
- , 1 752 742 4 8 1 .I 00 14 3 S 2 , 2909 2EdS 2 7 t.59 6oE. 0 - 6 507 t. cl. , 1 2 65 8 ti., 4 
- 8 U i.3 2277 2 -1 582 SE9 2 -7 1 08 S 1 C' 2 2 0 -e 1 3 Q '- 13 0 7 1 - 1 2 I. 3 7 I. 7 3 l. ,0 '- 63 47 0 2 -3 3 S 7 t. 3 t. 2 6 2 - , 1 785 77£ 2 1 610 t.C7 1 13 201 ;>2 4 l. 
- 1 2 1 199 1 206 2 5 2 170 ,265 I. 0 l. 6 3 50, 2 - 3 3 2 E- :C9 , 
-13 78t 759 l. 
-14 , 1 0 I. I. I. 2 -5 766 719 l. 2 211..., 2 (19: 2 _c l. 1 I. l. 0 (' , 
- , 5 4 24 443 6 , 79 4 1108 2 -7 2649 2 713 {, - 2 2 6 5 C' 2~2, l. 6 1555 14 39 3 0 ?BE 776 6 -1 c 51. 289 2 9 1 1 3 5 1 2 1 S l. -4 46 ? 47 6 l. - 2 392 l. 8 , _, 569 5!? 6 - 3 ~61 ..,, 76 2 1 1 541 t. 7 9 4 6 1 2 1 C' 1 ?81 (. -I. 1781 1579 ~ 2 391. 391 6 5 c. 3 S e 1 , 2 - 1 1 1280 14 0 S l. 
-6 2C8E 2 C' 1. t •• H = , 7 • ••• 3 3 214 ?05 6 -5 ;, 2 2 1158 2 -13 50 3 435 l. 8 299 He 0 39f 3 6 1. , I. s 1f 575 6 7 C 9 1 2 t.0 4 2 917 929 l. - 10 13 0 5 128, - 1 2 5, 196 :; 
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